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“We’ll ride the spiral to the end 
And may just go where no one’s been 
Spiral out 
Keep going” 
 
Lateralus, Tool 
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Chapter 1 
Introduction to Chirality 
 
1.1 Chirality 
Mirror symmetry is widely observed throughout Nature and fascinates and inspires 
mankind to date. Although any object has a mirror image, not every mirror image is 
identical to the original. Such objects are coined “chiral”, derived from the ancient Greek 
word χειρ (kheir) which means “hand”. An example of a chiral object is a spiral staircase 
which can be either clockwise or counterclockwise (Figure 1.1). Chiral objects appear to 
be identical yet they are not the same in a chiral environment. For instance, staircases were 
generally made in a clockwise spiral (chiral) fashion so that only the ascending right 
handed (chiral) enemy is unable to use his sword as it is blocked by the wall, giving him a 
disadvantage (Figure 1.1, left). This disadvantage would be reversed in a staircase which 
has the opposite spiral form (Figure 1.1, right).1  
 
 
Figure 1.1. A spiral staircase (top view) is an example of a chiral object. 
 
Clockwise and counterclockwise properties are also observed at the molecular level. Louis 
Pasteur discovered in 1848 that crystals of sodium ammonium salts of tartaric acid come 
in mirror-symmetrical pairs (Figure 1.2).2, 3 He separated the left- and right-handed 
crystals from each other by hand with which he performed the first chiral resolution in 
history. Currently, this process is also known as spontaneous resolution. Once separated, 
he found that one group of dissolved crystals rotated polarized light clockwise (+) whereas 
the other group rotated polarized light counterclockwise (-). Pasteur linked his 
observations to the fact that molecules must be chiral. It was later independently 
postulated by van ‘t Hoff and Le Bel that a molecule is chiral when it contains a 
tetrahedral atom bearing four different groups (Figure 1.2).4, 5  
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The two mirror images of such chiral molecules are called enantiomers: they contain at 
least one stereocenter, being either S (sinister, Latin for left) or R (rectus, Latin for 
straight). The proposed chiral tetrahedral orientations were indeed confirmed in 1951 by 
Bijvoet et al. through X-ray crystallography.6 
 
Figure 1.2. The two crystals and enantiomers of sodium ammonium tartrate. The stereocenters are highlighted 
with an asterisk. 
 
The chiral purity of a mixture of enantiomers is expressed as the enantiomeric excess (ee): 
100
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The synthesis or crystallization of enantiomers generally proceeds to give both forms in an 
approximately equal ratio (0% ee). This is because most physical and chemical properties 
of enantiomers are identical. Yet Nature uses only one enantiomer (100% ee) of amino 
acids and sugars to compose proteins and DNA respectively. This raises the fundamental 
question as to how single chirality emerged from a prebiotic world. Moreover, as a result 
of Life’s single handedness, the chiral receptors of biomolecules interact differently with 
enantiomers of a chiral compound, such as medicines. Therefore, both enantiomers of 
pharmaceutical drugs must be registered and tested for biological activity. Methods to 
obtain single enantiomers are thus in high demand.7 The following sections describe a 
number of methods that lead to enantiopure compounds based on either crystallization-
induced transformations or synthetic approaches in solution (Figure 1.3). 
 
 
Figure 1.3. Methods to obtain enantiopure compounds based on crystallization or synthesis. 
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1.2 Asymmetric Crystallization 
1.2.1 Chiral Resolution 
Crystallization is cheap and widely applicable and it is therefore the method of choice in 
industry to isolate and purify molecules.8 This is reflected in the fact that over 90% of the 
active pharmaceutical ingredients (API’s) is obtained through crystallization.9 In industry, 
enantiopure drugs are most often acquired through diastereomeric resolution.8, 10 In this 
method, a chiral resolving agent is added to a mixture of enantiomers to form 
diastereomeric salts. These salts have different solubilities and hence separation becomes 
possible. Once isolated, the chiral resolving agent can be removed to give the desired 
enantiomer with a maximum yield of 50%. However, finding an effective resolving agent 
can be quite cumbersome. Key to this problem might be to use a mixture of structurally-
related resolving agents simultaneously.11 With this approach, based on diastereomeric 
resolution and also known as Dutch resolution,12 products can be obtained in both higher 
yields and higher ee’s as compared to traditional diastereomeric resolution.  
In some cases, enantiomers can be separated directly through crystallization without the 
need for an additional step involving removal of the resolving agent. As in Pasteur’s case, 
this can only be achieved if the enantiomers form racemic conglomerate crystals (Figure 
1.4). In such a case, each crystal contains only one enantiomer. About 10% of all chiral 
molecules crystallize as racemic conglomerate crystals.3 In most other cases (~90%), 
enantiomers pair with each other in the unit cell to form racemic compounds.  
 
 
Figure 1.4. Schematic representation of how crystals are composed of chiral molecules. 
 
When enantiomers crystallize as racemic conglomerate crystals, preferential 
crystallization can be applied.3, 13 In this way, the desired enantiomer can be obtained 
through crystallization in the presence of enantiopure seed crystals which then lead to the 
deposition of the seeded enantiomer. In the absence of seed crystals, the first conglomerate 
crystal formed from solution is enantiopure (i.e. 100% ee). After crystal formation the 
solution becomes enriched with the opposite enantiomer so the next crystal that will be 
formed is likely to be the opposite enantiomer. This process will continue upon further 
crystallization ultimately leading to a 1:1 mixture of both enantiomers (i.e. a racemate, 0% 
ee).  
racemic
compound
racemic
conglomerateor
R
R R
R R
S S
S S
R
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S
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Although Pasteur was able to separate the crystals by hand based on morphological 
chirality, many crystals do not display such a chiral morphology.  
Pasteur’s resolution approach is still being studied, albeit in a more practical manner such 
as in continuous settings.14 An example of a modern Pasteurian approach is shown in 
Figure 1.5 and starts out with one flask containing both enantiomers in a saturated solution 
and in the solid phase as a racemic conglomerate.15 A second flask also contains a 
saturated solution of both enantiomers but with an enantiopure seed crystal. Liquid 
circulation between the two flasks is allowed and the flask containing the seed crystal 
undergoes mild attrition (to prevent dissolution of the seed crystal) whereas the flask with 
both enantiomers in the solid phase undergoes vigorous attrition (to enhance dissolution of 
the crystals). As crystal growth is energetically favoured over crystallization from solution 
under isothermal conditions, only the seed crystal will grow. The solubility of enantiopure 
conglomerate crystals is lower as compared to a mixture of enantiomers and an 
enantiopure solid phase is thus favoured over a racemate. Therefore, the system ultimately 
evolves to a state in which both enantiopure products exist separately in two flasks. 
 
 
Figure 1.5. An example of a modern approach to Pasteur’s resolution experiment.    
 
1.2.2 Total Spontaneous Resolution 
The previously mentioned approaches have the disadvantage that the yield of the desired 
enantiopure product is limited to 50%. A yield of 100% can be obtained provided that the 
product is able to undergo racemization (R↔S) in solution.  
In 1941, The Dutch organic chemistry professor Egbert Havinga studied the crystallization 
of a molecule which was able to undergo racemization through the reverse reaction in 
solution (Figure 1.6).16 During precipitation of the product, the solution will not become 
enriched with the unwanted enantiomer and thus the unwanted enantiomer will less likely 
precipitate upon further crystallization. Moreover, the initially formed enantiopure 
conglomerate crystal grows larger and retains its chirality by withdrawing only the 
monomers from solution with matching chirality. The supply of the matching monomers is 
constantly maintained due to the racemization reaction. This way enantiopure crystals can 
be spontaneously formed without the need for separation.17 This process is also known as 
total spontaneous resolution.3 
high attrition mild attrition
liquid 
circulation
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Figure 1.6. Enantiomers, studied by Havinga, which undergo racemization in solution through the reverse 
reaction. 
 
At first Havinga was unaware of the impact of his research, which was published in the 
Chemisch Weekblad,16 a journal written in Dutch. Soon after a publication of a model on 
spontaneous asymmetric synthesis by the theoretical physicist Sir Charles Frank18, 
Havinga published his experimental findings again, but this time in English in an 
international journal.19 Interestingly, in the experimental section of the Dutch paper 
Havinga mentions that in some experiments several crystals were formed, and that when 
combined, the mixture of crystals still displayed optical activity.16 Havinga proposed that 
these crystals were grown from seeds originating from the initial mother crystal and 
therefore are of the same handedness (Figure 1.7).16 
 
 
Figure 1.7. Primary nucleation to give an enantiopure crystal which can grow larger (top) or will undergo 
secondary nucleation (bottom). 
 
This so-called secondary nucleation process was more explicitly observed by Kondepudi 
et al. who found that crystallization from a stirred solution20 (or 1,1’-binaphtyl from a 
stirred supercooled melt)21 leads to many small crystals which are nearly all of the same 
handedness. All these tiny crystals originate from the initially formed crystal, as was 
clearly observed through a videotaped process by McBride et al.22 In their experiments, 
the compound used was sodium chlorate which is achiral as a molecule in solution but in 
the solid state the arrangement is such that the crystals become chiral. Small crystals have 
an overall larger crystal surface area as opposed to a single crystal. This larger surface area 
depletes the solution from monomers faster which leads to a lower increase in 
supersaturation that in turn suppresses the nucleation of the other enantiomer more 
efficiently as opposed to a single crystal. 
(S) (R)
or
A
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The nucleation of the unwanted enantiomer can also be inhibited by using chiral 
nucleation inhibitors. This approach was demonstrated by Barton and Kirby in 1962 in 
their total synthesis of galanthamine (Figure 1.8).23 Narwedine, the precursor to 
galanthamine, was found to racemize in solution. The addition of the structurally similar 
(+)-galanthamine to the crystallization of (±)-narwadine resulted in the crystallization of 
enantiopure (-)-narwedine in about 80% yield. Although a 2:1 ratio of narwadine to 
galanthamine was used in these experiments, about 1% of nucleation inhibitor was already 
sufficient in preventing the formation of the opposite enantiomer in other experiments.24  
 
 
Figure 1.8. Crystallization of only one of the enantiomers of narwedine using galanthamine as a nucleation 
inhibitor. 
 
1.2.3 Viedma Ripening 
In an attempt to test the hypothesis of secondary nucleation as proposed by Kondepudi et 
al., Cristobal Viedma repeated the Kondepudi experiments, but under conditions which 
facilitate a much higher nucleation rate leading to many primary nucleation events.25 
Intriguingly, the solid state was still found to be of single chirality despite the fact that the 
high nucleation rate led to the nucleation of both enantiomers. In a follow-up experiment, 
Viedma prepared a saturated solution already containing crystals of both chiral forms 
which he then subjected to intensive grinding using glass beads in a closed system under 
isothermal conditions (Figure 1.9).26  
 
 
Figure 1.9. Schematic representation of Viedma ripening. 
 
X
NMeO
MeO
X
MeN O
OMe
solution
solid (+)-galanthamine 
(X: C-OH)
narwedine
X: C=O
Viedma Ripening
(S) (R)
A
or
solution
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Viedma discovered that the initially racemic mixture of sodium chlorate crystals was, over 
a period of several days, completely transformed into an end state in which all of the 
crystals were of one chiral form. This process is now known as Viedma ripening.27 Like 
Kondepudi, Viedma used sodium chlorate in his experiments. In 2008, Noorduin et al. 
extended Viedma ripening to intrinsically chiral molecules, i.e. compounds containing a 
stereocentre.28 
After symmetry breaking of the racemic mixture of enantiopure crystals due to random 
local fluctuations in ee or local fluctuations in the crystal size distribution (CSD) 
difference between the enantiomers29, the system undergoes complete solid state 
deracemization through an autocatalytic feedback mechanism in which the initial ee is 
amplified exponentially to an enantiopure end state. A proposed mechanism behind 
Viedma ripening is depicted in Figure 1.10 and depends on the following processes:27 
 
1) Racemization in solution (not needed for achiral molecules that form racemic 
conglomerate crystals) 
Racemization (R↔S) in solution is required for the complete transformation of two 
enantiomers into a single one in the solid phase. During Viedma ripening, the solution 
becomes enriched with the enantiomer that is opposite to the one that is enriched in the 
solid phase. The enantiomer that is enriched in solution undergoes racemization leading to 
the supply of more of the enantiomer that corresponds to the enantiomer that is enriched in 
the solid phase. 
 
2) Ostwald ripening 
Larger crystals grow at the expensive of smaller ones (Figure 1.10, left). This is the result 
of smaller crystals having a higher solubility than larger crystals (Gibbs-Thomson effect). 
 
3) Enantioselective incorporation of chiral clusters into larger crystals30 
During Viedma ripening, crystals are continuously fragmented into clusters. The 
reincorporation of these clusters into larger crystallites occurs more often for the 
enantiomer which is in excess in the solid phase. This provides the positive feedback in 
the process. 
 
4) Attrition  
The grinding results in the steady supply of clusters as well as maintaining overall small 
crystal sizes which in turn enhance the Ostwald ripening effect. 
 
Chapter 1 
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Figure 1.10. Ostwald ripening (left) and a schematic representation of a mechanism behind Viedma ripening 
(right). The numbers are explained in the main text. 
 
Ostwald ripening alone also leads to single chirality, but on u much longer time scale.29 
This scenario could have been involved during the chemical evolution to the first forms of 
Life.31, 32 Viedma ripening on the other hand leads to much shorter deracemization times 
and is therefore more interesting from a practical point of view. This way, Viedma 
ripening is an attractive method to obtain enantiopure industrially-relevant compounds.33-35  
The final configuration of the product from Viedma ripening can easily be controlled 
through the use of an initial ee,28 chiral additives,28 a difference in CSD between the 
enantiomers36 and even the order of process steps.37 Moreover, Viedma ripening can be 
scaled up to larger volumes38 and can also be used to deracemize many other molecules.39 
As outlined in the following section, enantiomeric discrimination is not limited to 
crystallization but can also be realized in solution. 
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1.3 Asymmetric Synthesis in Solution 
1.3.1 General Approaches 
To establish a difference between enantiomers in solution, diastereomeric interactions are 
often required. One of the most applied methods in industry to synthesize enantiopure 
compounds is asymmetric catalysis.40 Tailor-made asymmetric molecules (including 
enzymes) are typically used in a catalytic amount to catalyze reactions in which the 
reaction path is favoured for one enantiomer (i.e. kinetic resolution).  
Enantiopure solids can also be used in asymmetric synthesis. A highlighted example in the 
context of this thesis involves the synthesis of enantioenriched 1-chloroindene from the 
reaction of N-chlorosuccinimide (NCS) with enantiopure crystals of a diindenylzinc 
reagent (Figure 1.11).41 The enantiopure diindenylzinc reagent can be obtained through 
total spontaneous resolution. Important to note is that THF must be used as a solvent 
during the total spontaneous resolution in the first step as it facilitates rapid racemization 
of the complex. However, the second step which involves chlorination should proceed in 
solution without racemization and for that reason methanol was used as a solvent. Further 
optimization involving the use of 1,4-benzoquinone and 2-propanol as a solvent during 
chlorination resulted in 95% conversion with an ee of 98%.42 
 
 
Figure 1.11. Total spontaneous resolution of a diindenylzinc reagent followed by reaction with N-
chlorosuccinimide (NCS) gives 1-chloroindene in high yield and high ee. pic = 3-methylpyridine.41 
 
In solution, a mixture of both enantiomers (i.e. a racemate) can also be deracemized 
through dynamic kinetic resolution, provided that the enantiomers can continuously 
racemize during an asymmetric transformation.7 Despite the growing field of asymmetric 
catalysis, nearly half of the drugs sold as enantiopure compounds are prepared from the 
chiral pool (i.e. synthesized using readily available enantiopure biomolecules, such as L-
amino acids or D-sugars).10 Furthermore, an achiral molecule can be covalently 
functionalized with a chiral auxiliary which subsequently can undergo a diastereoselective 
transformation to give the desired enantiopure product after removal of the auxiliary.43 
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1.3.2 Asymmetric Amplification 
Although the ee of the product generally has a linear relationship with the ee of the 
catalyst or auxiliary, nonlinear effects in asymmetric synthesis are also observed.44 For 
instance, Klussman et al. found that enantioenriched mixtures of amino acids are able to 
catalyze an aldol reaction in a non-linear fashion (Figure 1.12).45 The equilibrium solid-
liquid phase behaviour of amino acids in solution in this case leads to asymmetric 
amplification. In Section 1.2 of this Chapter, the emphasis was set on enantiomerically-
enriching the solid phase of conglomerate-forming molecules by depleting the solution 
phase. Klussman et al. used the opposite effect: enantiomerically enriching the solution 
phase using amino acids that form a racemic compound in the solid phase. When a solid-
liquid mixture with three phases in equilibrium is present (i.e. at the eutectic point), the 
solution ee of a slightly enantioenriched amino acid can reach up to >99%, for example 
with serine. This way, nearly racemic (1% ee) serine catalyst provides the aldol product 
with an ee that is similar to the product ee obtained from the reaction carried out with 
enantiopure serine. 
 
 
Figure 1.12. Amino acid-catalyzed aldol reaction. 
 
The possibility for even higher degrees of asymmetric amplification in synthesis was 
proposed by Frank, in 1953.18 He envisaged that enantiopure products can in principle be 
formed from achiral starting material provided that the product enantiomer catalyses its 
own formation and at the same time suppresses the formation of the other enantiomer. He 
concluded his article with the sentence “a laboratory demonstration is not necessarily 
impossible”. It took nevertheless more than 40 years until Frank’s concept of asymmetric 
autocatalysis was experimentally realized (Figure 1.13).46, 47  
 
 
Figure 1.13. The Soai reaction.  
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Kenso Soai et al. showed that an initial small amount of the enantioenriched product can 
be amplified to single chirality.47 Without the addition of enantioenriched material from 
the beginning, however, enantiopure products could not be obtained.48  
These results underline the fact that the synthesis of enantiopure products from achiral 
reactants without pre-existing enantioenrichment still is extremely difficult to achieve. 
This challenge forms the starting point of this thesis.  
 
1.4 Aim and Outlook of this Thesis 
The synthesis of enantiopure products from achiral precursors without the need for pre-
existing enantioenrichment is difficult to achieve in solution. Crystallization methods, 
such as Viedma ripening, do not require a significant initial asymmetry to reach single 
chirality. Would it be possible to use a crystallization method to obtain enantiopure 
products starting from achiral precursors? To investigate this, a multicomponent system is 
required in which the achiral reactants react to give product molecules that must form 
racemic conglomerate crystals and undergo racemization in solution (Figure 1.14).  
 
 
Figure 1.14. Asymmetric autocatalysis in which a crystal-solution system transforms achiral reactants into 
enantiopure crystals of the product. 
 
In Chapter 2 we report the first proof of principle of a synthetic route that transforms 
achiral reactants into an enantiopure product without the need for pre-existing 
enantioenrichment. Our model system involves an aza-Michael reaction of which the 
product can undergo racemization through the reverse reaction involving the achiral 
reactants. We selected this particular reaction because the product molecules form 
conglomerate crystals. After precipitation of the product, the resulting crystal-solution 
system undergoes complete deracemization through Viedma ripening. In Chapter 3 we 
explore the reaction conditions and show that total spontaneous resolution and temperature 
cycling also lead to the synthesis of an enantiopure compound of which the final 
configuration can be controlled using enantiopure seed crystals of the product.  
  
A1 + A2
start
(achiral)
end
(product 100% ee)
(S) (R)
solution
solids
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To demonstrate the general applicability of this synthetic approach, we wanted to obtain 
isoindolinones in enantiopure form from achiral reactants. We selected three 
isoindolinones as these were found to racemize in solution and form conglomerate 
crystals. However, these isoindolinones were claimed to be one of the few systems that 
cannot undergo deracemization through Viedma ripening.49  
By studying these compounds in detail by keeping previous reports on Viedma ripening in 
mind, we found that isoindolinones can be deracemized through Viedma ripening 
provided that the right conditions are in place (Chapter 4). 
Modern chemical processes need to be sustainable and economical and a multicomponent 
one-pot conversion delivers these demands. In order to demonstrate the industrial 
applicability of our approach, we prove in Chapter 5 that the conglomerate-forming 
isoindolinones can also be prepared in enantiopure form by starting from achiral reactants.  
In the final section of this thesis we investigate the effects which determine symmetry 
breaking and with that, the final configuration of the product in Viedma ripening. Chiral 
impurities strongly influence Viedma ripening to give the product in a deterministic 
fashion. In Chapter 6 we show that the effect of chiral impurities on Viedma ripening can 
be suppressed by applying higher attrition intensities. Only a minute amount of chiral 
additive was found to already determine the final configuration of the product.  
Moreover, in the presence of chiral additives we found a linear increase in ee instead of 
the typical exponential increase observed in other Viedma ripening experiments (Chapter 
7). These experimental observations can be explained using a model which shows that a 
difference in growth behaviour between enantiomers leads to single chirality, without the 
need for the incorporation of clusters. 
 
Crystal-solution systems represent robust and reliable conditions to reach single chirality. 
We here show that the principles underlying such systems can be extended to construction 
reactions (i.e. “reactions which form skeletal C-C or C-heteroatom bonds”)50, 51, allowing 
the synthesis of enantiopure products from achiral reactants for the first time. This method 
contributes to the discussion as to how single chirality could have emerged during pre-
biotic chemical evolution. From a different perspective, this approach also shows that 
pharmaceutically-relevant compounds can be efficiently obtained in a facile multistep 
manner without the need for intermediate recovery steps.52  
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Chapter 2 
Emergence of an Enantiopure Product  
from Achiral Reactants 
 
2.1 Introduction 
Single chirality can be considered as a signature of life, since without nature’s selection of 
one chiral molecule over the other our existence would be very different, if not 
impossible.1, 2 A fascinating question in science is therefore how molecular single 
handedness arose from an achiral abiotic world.3 In order to shed light on this fundamental 
issue, an extensively studied topic in chemistry is the formation of single-handed 
(enantiopure) products from achiral reactants under achiral conditions.4 Single handedness 
can be created for example through the organization of achiral molecules into enantiopure 
non-covalently bound architectures such as supramolecular assemblies5, liquid crystals6 or 
crystals7. However, the synthesis of intrinsically chiral products of single handedness from 
achiral reactants still remains a major challenge. The molecular building blocks of life, e.g. 
amino acids and sugars, as well as many pharmaceutical drugs are intrinsically chiral. The 
intrinsic chirality of a molecule is determined by its chiral center and in synthesis, 
molecules are formed without a preference for the handedness of the chiral center. Chiral 
induction during a synthetic organic reaction is found to be extremely difficult to achieve 
without the help of an asymmetric catalyst or auxiliary. 
Intrigued by this problem, Frank anticipated in 1953 that an asymmetric reaction from 
achiral reactants could be possible if the chiral product acts as an asymmetric catalyst for 
its own production (asymmetric autocatalysis).8 This concept of self-replication was 
demonstrated by means of the Soai reaction which forms the landmark experiment of an 
asymmetric autocatalytic reaction in solution.9 Typically, the Soai reaction gives the 
product in favor of the enantiomer which at the onset is present in the largest amount. 
Starting the reaction from achiral conditions results in an amplification in enantiomeric 
excess (ee) ranging from 15-91%10 which can be further enhanced if the reaction product 
is repeatedly isolated and subjected to a new Soai reaction.11 The necessity of this 
repetition emphasizes the fact that creating chiral discrimination and amplification without 
a chiral catalyst or auxiliary in solution is a considerable challenge. Crystal-solution 
interactions may be exploited to reach a stronger chiral discrimination.  
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Chiral molecules that crystallize as a mixture of separate enantiopure single crystals (i.e. 
racemic conglomerate crystals) are of particular interest, as was shown by the pioneering 
work by Havinga.12, 13 He discovered that an enantiomerically enriched solid state can be 
acquired through crystallization from a solution in which the chiral molecules can rapidly 
racemize through the reverse reaction. The experiments conducted by Havinga were not 
intended to obtain a high ee in high yield but instead to show that optically active 
compounds can spontaneously be formed. More recent studies have shown that racemic 
conglomerate crystals in combination with a saturated solution can be completely 
transformed into an enantiopure (100% ee) solid state by attrition-enhanced 
deracemization.14, 15 This process is named Viedma ripening with which crystals of chiral 
molecules can be completely deracemized.16 It has been reported that Viedma ripening can 
also be applied to molecules which racemize in solution through the reverse reaction, 
although in these cases a significant ee was required from the start in order to successfully 
increase the ee.17, 18 The powerful chiral amplification properties of crystal-solution 
interactions are well documented19-21, however, these conditions have never been adopted 
in a construction reaction22, 23 to form enantiopure compounds from achiral reactants. 
In this Chapter we merge such a construction reaction with Viedma ripening to overcome 
the weak chiral discrimination in solution phase chemistry. This powerful combination can 
completely transform achiral reactants into an enantiopure solid product. Instead of 
asymmetric autocatalysis in solution, the results reported here show that an even stronger 
chiral amplification can be realized by using asymmetric autocatalytic crystal-solution 
interactions. 
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2.2 Results and Discussion 
We demonstrate our novel route to single chirality through the synthesis of the chiral 
amine 1 (Figure 2.1). This product is formed directly in an aza-Michael reaction from the 
achiral reactants p-anisidine (2) and α,β-unsaturated ketone 3 using an achiral catalyst. 
 
Figure 2.1. Reaction of achiral reactants 2 and 3 to furnish product 1. In solution, both product enantiomers ((R)-
1 and (S)-1) are obtained in equal amounts. With the combination of crystals and solution, an enantiopure solid 
product can be obtained. 
 
In solution, it was found that 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) is a suitable 
catalyst for both the forward aza-Michael reaction24 and the retro reaction25 (see 
Supporting Information). Therefore, product 1 racemizes in solution through the reverse 
reaction as opposed to a typical racemization process (deprotonation – protonation).  
In solution and under achiral reaction conditions, the synthesis leads to an equal amount of 
right- ((R)-1) and left-handed ((S)-1) versions of the product. Since Mannich bases may 
catalyze their own formation in solution26-28, we also attempted to catalyze the reaction 
asymmetrically using the enantiopure Mannich product as a catalyst (Figure 2.2). 
However, it was found that the product is not suited to catalyze its own formation in 
solution. Also in the presence of DBU, the enantiopure product still did not influence the 
reaction asymmetrically. Instead, a racemic solution was obtained due to the reversible 
reaction and this shows that there is no chiral amplification in solution. 
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Figure 2.2. The aza-Michael reaction in a diluted solution (0.025 M). The product cannot catalyze the reaction 
(pathway a). It was found that DBU catalyzes the reaction both ways so that the product undergoes racemization 
in solution (pathway b). 
 
To overcome the lack of chiral amplification in solution, crystal-solution interactions were 
utilized leading to a much stronger chiral amplification. Conducting the reaction at higher 
concentrations causes precipitation of the product during the reaction. This creates a 
crystal-solution interface that completely transforms the initial achiral reactants into an 
enantiopure solid end state. The course of this reaction at higher concentration is shown in 
Figure 2.3a while the mechanism behind the reaction is indicated in Figure 2.3b. 
 
 
Figure 2.3. The aza-Michael reaction at a high concentration (0.5 M) in the presence of an achiral catalyst 
(DBU). a) Evolution of the reaction in time. The lines are a guide to the eye. b) Schematic representation of the 
mechanism behind the reaction. 
 
All the reactions that are described in this chapter were conducted in new scintillation 
flasks to avoid any possible effect of chiral contamination from previous experiments. 
Once the reaction commences in solution, the achiral reactants rapidly react to give both 
enantiomers of the product in equal amounts because no chiral bias is present.  
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As the reaction progresses, the solution becomes saturated with the poorly soluble product 
and both enantiomers of the product precipitate in equal amounts after 0.5 days as racemic 
conglomerate crystals, as was confirmed through single X-ray diffraction and powder 
diffraction (see Supporting Information). The initial symmetry of the solid state is broken 
due to either local statistical fluctuations in ee, a local difference in crystal size distribution 
between the enantiomers or chiral impurities.29, 30 Subsequently, grinding of the crystals in 
combination with solution-phase racemization (Viedma ripening process) causes complete 
deracemization of the solids.16 The yield of the solid product is around 70% and the 
product can easily be isolated through filtration or centrifugation. 
The reaction leads to either enantiopure (S)-1 or enantiopure (R)-1 crystals. It is evident 
from Figure 2.4a that deracemization toward (S)-1 is faster than toward (R)-1. This could 
be attributed to traces of chiral impurities which inhibit the crystal growth of (R)-1.31, 32 
Chiral impurities can also inhibit solution-phase processes33 and possibly the nucleation of 
the product, since in a few experiments an offset in ee in favor of (S)-1 was established at 
the start of the precipitation (Figure 2.4a).  
However, chiral impurities alone cannot be responsible for symmetry breaking in our 
experiments since deracemization also proceeds toward (R)-1, albeit less often.  
 
 
Figure 2.4. Product ee of the solid phase against time. a) Four separate experiments under identical conditions 
starting with an initial concentration of 2.5M of achiral reactants. b) At lower concentrations, less crystals have to 
undergo deracemization and deracemization thus proceeds faster. The lines are a guide to the eye. 
 
The transformation of the achiral reactants into an enantiopure product was successfully 
reproduced in a series of identical experiments to obtain forty-three enantiopure (S)-1 and 
thirty enantiopure (R)-1 end states. Instead of using reactant 3 from a commercial source, 
we also used freshly prepared starting materials and again found that deracemization 
proceeds more often toward (S)-1. The enantiopure product can be obtained at an 
increased rate by either lowering the initial concentration of reactants (Figure 2.4b) or by 
lowering the catalyst loading (see Supporting Information).  
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This in turn results in a lower number of crystals which have to undergo deracemization.34 
As a result, complete transformation of the achiral reactants into an enantiopure product 
can be realized within three days.  
 
2.3 Conclusions 
We have demonstrated that by combining a reversible organic reaction with Viedma 
ripening in the presence of an achiral catalyst, an enantiopure product can be synthesized 
from achiral starting materials. Chiral amplification during a reaction is possible without 
the need for rare asymmetric autocatalytic conditions in solution.35 This conceptually new 
approach reported here is an alternative to the Soai-type solution phase autocatalysis and 
shows that a much stronger asymmetric autocatalytic system can be realized through 
crystal-solution interactions. Considering the general principle that any organic reaction is 
reversible and that synthetic products usually are more complex and less soluble than their 
precursors, we envision that a wider range of products is accessible in enantiopure form 
through this new approach (more examples are reported in Chapter 5).  
The facile isolation of the crystalline enantiopure product in high yield renders laborious 
work-up procedures obsolete and makes this an appealing method to obtain enantiopure 
pharmaceutically relevant building blocks. Moreover, in view of the achiral reaction 
conditions, this reaction proves that an enantiopure products can simply emerge from an 
achiral abiotic setting. Precipitation-induced chiral amplification during synthesis 
therefore could provide a novel view on the initial stage of the primitive chemical 
processes which ultimately led to the chemical foundation of life. 
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Chapter 3 
Deracemization Controlled by Reaction-Induced Nucleation:  
Viedma Ripening as a Safety Catch for Total Spontaneous Resolution 
 
3.1 Introduction 
Chiral molecules which racemize in solution and form racemic conglomerate crystals offer 
the possibility for complete deracemization, leading to enantiopure solids in high yield.1 
Such a transformation can be achieved in four different ways, being 1) total spontaneous 
resolution, 2) Viedma ripening, 3) Ostwald ripening and 4) temperature cycling. 
Starting from a homogeneous solid-free solution, total spontaneous resolution leads to the 
crystallization of one enantiomeric form, provided that nucleation of its mirror image is 
inhibited.2 This approach involves the nucleation of a single enantiopure crystal through 
careful slow crystallization from solution, as was shown by Havinga’s pioneering work.3, 4 
Havinga also suggested that crystallization under the presence of agitation could lead to 
the fracture of the initial crystal leading to smaller crystals (i.e. secondary nucleation), 
which grow larger, yet retain the chiral identity of the initial crystal.3, 4 The latter approach 
was studied in detail for the intrinsically achiral compound NaClO3 and later for an 
intrinsically chiral amino acid derivative.5, 6 
A fundamentally different approach to reach single chirality is Viedma ripening, which 
involves the near-equilibrium transformation of an initial racemic mixture of enantiopure 
crystals into an enantiopure solid phase through grinding of a suspension under isothermal 
conditions.7, 8 Experimental conditions including attrition intensity, racemization rate, 
crystal size distribution and Ostwald ripening were found to affect the Viedma ripening 
process.9-12 Ostwald ripening alone also leads to single chirality, but on considerably 
longer time scales.11  
During Viedma ripening, crystal growth and secondary nucleation are favored over 
primary nucleation. However, if a strong increase in supersaturation is applied to a 
Viedma ripening experiment, primary nucleation can still happen. This was observed 
during Viedma ripening of a Naproxen derivative, as nucleation of the unwanted 
enantiomer also occurred because of an in-situ feed of both enantiomers to the 
suspension.13 Consequently, the enantiomeric excess (ee) of the product in the solid phase, 
which was applied at the start of the experiment, decreased.  
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However, as a result of grinding, Viedma ripening led to an increase in ee to eventually 
give more of the enantiopure product in the solid phase.  
In other reports, Viedma ripening conditions were subjected to homogeneous solutions 
whilst cooling slowly to induce primary nucleation of which the chirality was further 
amplified through secondary nucleation and possibly also Viedma ripening.6, 14, 15  
Because in these cases the ee was determined in the end, it is unclear to what extent 
secondary nucleation and Viedma ripening were involved. Finally, in addition to Viedma 
ripening, an initial racemic mixture of enantiopure crystals can also undergo 
deracemization by applying repeated temperature cycles instead of grinding.16-18 In this 
way, the crystals partly dissolve during heating, while the remaining crystals grow during 
cooling.  
In Chapter 2 we reported the synthesis of enantiopure product 1 from the achiral reactants 
p-anisidine (2) and (E)-4-(3,4-dimethoxyphenyl)but-3-en-2-one (3). (Figure 3.1).19 We 
selected this particular system because in the solid phase, the product forms a 
conglomerate whereas in solution the product can racemize. The achiral precursors 
reversibly reacted with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as an achiral catalyst in 
solution to give both enantiomers of the product, which in turn rapidly crystallized to form 
a racemic crystal-solution system. Due to the applied grinding, the initially racemic 
mixture of conglomerate crystals were subsequently deracemized through Viedma 
ripening in which the final configuration of the product was found to be randomly either 
pure (R)-1 or pure (S)-1. 
 
 
Figure 3.1. After combining the achiral reactants 2 and 3 in ethanol with DBU, precipitation of the product can 
lead to enantiopure 1 from the start (total spontaneous resolution) or through deracemization (Viedma ripening or 
temperature cycling) in case both enantiomers precipitate. 
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As the reaction commences in a homogeneous solution, Viedma ripening is preceded by 
the nucleation of the product as the result of a steady increase in supersaturation. As long 
as only one enantiomeric form precipitates, total spontaneous resolution leads to single 
chirality. On the other hand, when both enantiomeric forms precipitate in any proportion, 
Viedma ripening or temperature cycling still will lead to deracemization of the solid 
phase. 
In this Chapter we investigate the effect of nucleation on solid phase deracemization using 
the reversible reaction system as outlined in Figure 3.1. We show that three crystal-
solution approaches can be applied to reach single chirality, depending on the conditions. 
The nucleation process not only determines the final configuration of the product, but also 
controls the deracemization rate. 
 
3.2 Results and Discussion 
The fraction of product 1 (with 1+2+3 in total), in both solution and the solid phase, was 
followed in time during crystal nucleation and deracemization. Each experiment was 
typically conducted in a new scintillation flask to avoid chiral contamination from 
previous experiments. Three typical cases involving different initial reactant 
concentrations are shown in Figure 3.2. As the fraction of the product was determined by 
solution-phase NMR, some racemization during analysis possibly took place. Therefore, 
the fraction of the product should be regarded as an estimate.  
The solid phase ee was also monitored over time, using chiral HPLC. At a high 
concentration (1.5 M), precipitation proceeds almost immediately after the start of the 
experiment. Initially only one of the enantiomers precipitates but as the reaction 
progresses, the other enantiomer crystallizes as well leading to a decrease in ee after which 
Viedma ripening completely restores the ee to 100% in 5 days. 
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Figure 3.2. The solid phase ee of 1 (symbols) and the fraction of 1 (bars) as a function of time for three 
experiments starting with different reactant concentrations. Note that the fraction of 1 was not determined at days 
6 and 8. The lines are a guide to the eye. 
 
In Chapter 2, we showed that experiments involving a lower initial concentration of 
achiral reactants lead to the formation of a smaller number of crystals.19 This in turn leads 
to a shorter deracemization time as less crystals have to undergo deracemization.  
However, crystal nucleation affects the deracemization rate in a more complex way. In 
some experiments nucleation occurred less gradually, resulting in the rapid precipitation of 
both enantiomers (1.0 M, Figure 3.2). Although in this case less crystals have to undergo 
deracemization, still complete deracemization was realized only after 8 days due to the 
low initial ee. The low initial ee requires Viedma ripening to go through the complete 
sigmoidal-type increase in ee whereas with a high initial ee, deracemization starts in the 
fast exponential part of the process. 
Finally, single chirality can be realized from the beginning of the experiment through total 
spontaneous resolution (0.9 M, Figure 3.2). Note that the fraction of the final product in 
the solid phase in this case is lower (~17%) as compared to the experiments conducted 
using higher initial reactant concentrations (~45%). The final configuration of the product 
was always the same as the configuration of the initially formed crystals. 
A typical observation in our experiments is the small decrease in mass% of product after 
day 3. This could be explained by the increasing solubility of the product crystals as the 
result of sampling: Each time a sample is taken, the total volume is being reduced whereas 
the attrition intensity remains the same. Overall this leads to a higher attrition intensity and 
thus smaller crystals which tend to dissolve faster. In solution the product partially splits 
up into its starting components, which overall leads to a somewhat smaller amount of 
product. 
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The final configuration of the product can be controlled by adding seed crystals of the 
product to the initially achiral homogeneous solution (Figure 3.3). As the solubility of the 
enantiopure product 1 (1 wt%) in ethanol is much smaller than both reactant 2 (44 wt%) 
and 3 (7 wt%), the seed crystals hardly dissolve. In all cases, enantiopure 1 is obtained 
with the same configuration as that of the seeds. The seed crystals failed to completely 
inhibit the formation of the other enantiomeric form, but Viedma ripening restores the ee 
to give the enantiopure product in all experiments. Nevertheless, a higher amount of 
enantiopure seed crystals more effectively suppresses nucleation of the other enantiomer. 
This results in a higher initial ee but leads to a slower deracemization process because 
more solids have to undergo deracemization. Therefore, the overall time to reach single 
chirality is roughly the same for different amounts of seed crystals. 
 
 
Figure 3.3. Viedma ripening experiments starting with 1.5 M of achiral reactants with different amounts of 
initially added enantiopure seed crystals of the product. The lines are a guide to the eye. 
 
These results show that two consecutive processes are involved in the transformation of an 
achiral homogeneous solution into enantiopure crystals: First, crystals that are formed 
undergo secondary nucleation, resulting in an initial non-zero ee. Secondly, the initial ee 
reaches 100% through Viedma ripening, a safety catch that corrects for the accidental 
crystallization of the opposite enantiomer. Both processes rely on vigorous grinding 
conditions. The question arises whether vigorous grinding is required for complete 
deracemization and whether mere temperature cycling could give the same result.  
To investigate this, we also performed deracemization experiments involving temperature 
cycling (Figure 3.4) as an alternative to attrition. In this we used a reactant concentration 
of 1.0 M, corresponding to the situation of Figure 3.2. 
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Figure 3.4. Temperature cycling experiments starting with 1.0 M of achiral reactants. a) Different temperature 
programs were used of which program 4 leads to complete solid phase deracemization. b) The ee of the solids 
plotted against time for three typical experiments using program 4. The lines are a guide to the eye. 
 
 
First, we tested the effect of several temperature programs, involving rapid heating and 
slow cooling, on our reaction system (Figure 3.4a). Experiments involving temperature 
programs 1 and 2 failed to maintain a solid phase, while the temperature differences in 
temperature program 3 did not lead to deracemization due to insufficient dissolution of the 
crystals. Temperature program 4 did lead to complete deracemization of the solid phase 
provided that the setup was cooled to 10 °C prior to the start of the experiment to allow the 
formation of a sufficient amount of solid product. Intriguingly, despite the absence of 
attrition and the rapid formation of tiny crystals during the start-up precipitation, 
significant initial ee values of up to 26% were found (Run 1, Figure 3.4b). Subjecting 
temperature program 4 to the slurries resulted in complete deracemization within 5 days in 
most cases. However, some experiments resulted in a solid phase with an ee of 0% (Run 2, 
Figure 3.4b). 
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3.3 Conclusions 
In conclusion, this Chapter shows that the mechanism and time needed for the complete 
transformation of a solid-free achiral solution into an enantiopure solid product largely 
depends on the nucleation stage. Typically, both enantiomers of the product precipitate 
after which Viedma ripening is required as a safety catch for complete deracemization. 
Total spontaneous resolution can also lead to single chirality provided that the increase in 
supersaturation is sufficiently slow. The final configuration of the product can be 
controlled using seed crystals of the same product. Temperature cycling also leads to 
complete deracemization provided that initial precipitation proceeds to give sufficiently 
enantioenriched solids. More generally, the presented deracemization mechanisms should 
also hold for other systems that are able to undergo the transformation from a solid-free 
racemic or achiral solution to crystals of single chirality. 
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Chapter 4 
Enantiopure Isoindolinones through Viedma Ripening 
 
4.1 Introduction 
The single-handedness of biomolecules, such as amino acids and sugars, is an important 
feature of our biochemical system. Due to this intrinsic property, two enantiomers of the 
same compound generally will interact very differently with the human body. Chiral 
pharmaceutical drugs must therefore be registered and acquired in the correct enantiopure 
form. A common industrial approach to isolate the desired enantiomeric form of a drug 
proceeds by separating enantiomers (i.e. resolution), which is usually facilitated through 
crystallization of a diastereomeric salt.1, 2 Techniques based on crystallization are 
appealing as these are cheap, simple and widely applicable. Resolution of a racemate in 
the absence of racemization gives the required enantiomer in only 50% maximum yield, 
but methods are available by which complete deracemization can be realized.3  
One of the examples of such a deracemization process is Viedma ripening in which a 
single chiral solid end state can be generated from an initial racemic slurry of 
conglomerate crystals (Figure 4.1).4, 5 Noorduin et al.6 extended Viedma ripening to 
deracemize intrinsically chiral molecules (Figure 4.1), which enabled the possibility to 
deracemize pharmaceutically relevant chiral compounds such as key intermediates for the 
synthesis of both Naproxen7, 8 as well as Clopidogrel (Plavix)9, of which the latter 
compound was deracemized on a larger scale.10 
 
Figure 4.1. Viedma ripening: Stirring in the presence of glass beads of a racemic mixture of conglomerate-
forming molecules, which can undergo racemization in solution, results in complete deracemization of the solid 
state. 
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Isoindolinones are another class of interesting compounds which display potent biological 
activities and are therefore used as core structures for pharmaceutical drugs.11 Recently it 
was reported by Yagishita et al. that 3-hydroxy-3-phenylisoindolin-1-ones 1-3 (Figure 4.2) 
form conglomerate crystals and can also rapidly racemize in solution using DBU as a 
catalyst through an intramolecular equilibrium reaction via an achiral intermediate.12 This 
enabled access to all three isoindolinones in high yield and high enantiomeric excess (ee) 
through preferential crystallization from solution (i.e. total spontaneous resolution).12 The 
crystallization and solution-phase racemization behavior of these compounds should also 
allow the deracemization of an initial racemic solid phase through Viedma ripening, which 
is a fundamentally different approach to reach an enantiopure end state as compared to 
total spontaneous resolution. However, the reported isoindolinones 1-3 surprisingly failed 
to deracemize through Viedma ripening despite an applied initial solid state ee.12 These 
results were not investigated further and a recent overview reported that these 
isoindolinones are one of the rare examples of compounds that cannot be deracemized 
through Viedma ripening.13 
 
 
Figure 4.2. Compounds 1-3 form conglomerate crystals and quickly racemize in solution via an achiral 
intermediate using DBU as a catalyst. 
 
In this Chapter we show that by optimizing the Viedma ripening conditions based on 
previous findings14, 15 and by avoiding racemization during the analysis of the ee, Viedma 
ripening is possible for these compounds. We also found that the isoindolinones racemize 
in ethanol, allowing Viedma ripening without the need for a catalyst.  
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4.2 Results and Discussion 
Our working method resembles the previous Viedma ripening attempts by Yagishita et 
al.12, but was optimized in three ways: First, the amount of glass beads was increased as 
the Yagishita attempts involved Viedma ripening experiments with a rather small amount 
of glass beads. The continuous fragmentation of the crystals is an important prerequisite 
for Viedma ripening to be successful and the rate of deracemization is strongly coupled to 
the number of glass beads.14  
Secondly, a solvent should be used in which the crystals are allowed to partially dissolve 
and racemize with a high rate (i.e. a high solubility increases the deracemization rate).14 
Yagishita et al. used n-hexane in which the isoindolinones are only poorly soluble (see 
Supporting Information).  
The third and most important step that was improved involved sample preparation and 
analysis. Determination of the ee was performed through chiral-HPLC analysis after 
dissolving the crystals in the HPLC solvent, which is ethanol. However, we found that 
isoindolinones 1-3 racemize in ethanol, even in a stagnant solution in the absence of a 
racemization catalyst (Figure 4.3a). During the time it takes to perform an HPLC analysis, 
the ee will therefore decrease. As Figure 4.3 shows, the longer the delay, the smaller the 
measured ee. Extrapolating this to time zero, we indeed find that the ee after a 
deracemization experiment is 100% within the accuracy of the experiment (Figure 4.3b). 
The racemization rate increases from 1-3-2 which is in the same order as the racemization 
rate with a catalyst.12 The rate of racemization in an ethanol solution becomes slower if 
acetic acid is present (see Supporting Information). 
 
 
Figure 4.3. a) Racemization rate of isoindolinones 1-3 in ethanol, in the absence of a racemization catalyst. b) 
Solution phase ee of compound 2 in ethanol in the absence of a racemization catalyst as a function of time in a 
stagnant solution. The time between sample preparation (t=0 min) and the first measurement (t=7 min) is 
sufficient to decrease the ee from about 100% (not measured) to 85%. The lines are a guide to the eye. 
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Taking these three points into practice, Viedma ripening was carried out to deracemize 
isoindolines 1-3 in toluene at ambient temperature with DBU (20 mol%) as a racemization 
catalyst. All the three isoindolinones were successfully deracemized, even when starting 
without any measurable initial enantiomeric excess (0% ee, Figure 4.4). Although 
deracemization of compound 2 initially proceeds to one chiral form, eventually the 
opposite  enantiomer is obtained. This could be explained by one symmetry-breaking 
event taking over the other: for instance, a crystal size distribution difference between the 
enantiomers16, 17 or chiral impurities18 taking over an initial ee. Complete deracemization 
was also successfully achieved on a larger 1-gram scale (see Supporting Information). 
 
 
Figure 4.4. Solid phase ee of compounds 1-3 versus time during Viedma ripening in toluene using DBU as a 
racemization catalyst. The lines are a guide to the eye.  
 
The ease with which these isoindolinones racemize in ethanol prompted us to investigate 
the possibility of Viedma ripening in the absence of a racemization catalyst. In ethanol, 
compounds 1 and 2 were both successfully deracemized without a catalyst (Figure 4.5a). 
The time to reach a critical value for the solid state to set off the deracemization process 
was significantly longer as compared to the experiments with a catalyst (Figure 4.4). 
However, once the ee of the solid state was sufficiently high, deracemization proceeded 
fast. The end state was measured to be 100% ee or sometimes lower (Figure 4.4 and 4.5a) 
which is the result of racemization in solution during analysis (Figure 4.3b).  
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Figure 4.5. a) Viedma ripening experiments of compounds 1-3 in ethanol in the absence of a racemization 
catalyst. The solubility in ethanol is shown between brackets. b) Viedma ripening experiment in which an initial 
applied ee of compound 3 ultimately evolves into an enantiopure end state. The lines are a guide to the eye.  
 
Deracemization of (rac)-3 could not be realized within 45 days without a catalyst. The 
poor solubility in combination with the slow racemization rate of compound 3 in ethanol 
possibly prevents the system to overcome the critical value to set off Viedma ripening. 
Deracemization of compound 3 could however be realized with an initial offset of 20% ee 
(Figure 4.5b). Remarkably, a significant time was still required before deracemization 
started which could be attributed to the poor solubility of 3 in combination with a slow 
racemization rate. The absolute configuration of isoindolinones 1-3 was determined by 
single X-ray diffraction (see Supporting Information) to show that in total, complete 
deracemization proceeded three times towards an enantiopure (R) end state and seven 
times toward its (S) counterpart. 
 
4.3 Conclusions 
In conclusion, deracemization of isoindolinones 1-3 using Viedma ripening is possible by 
(1) applying a sufficient amount of glass beads for the attrition to be strong enough, (2) 
using a suitable solvent to ensure a high enough solubility and (3) by carefully preparing 
and measuring the samples, which is needed to avoid racemization as much as possible. 
Taking these three aspects into account, all three isoindolinones evolved to a single chiral 
solid state within 10 days using DBU as a racemization catalyst. Even without an initial 
ee, an enantiopure end state was still obtained, even on a gram scale. Samples should be 
measured immediately after dissolution since in an ethanol solution these isoindolinones 
can racemize without a catalyst. This uncatalyzed racemization behavior led us to 
demonstrate that these three isoindolinones can also be deracemized by Viedma ripening 
in the absence of a base. It remains important to be aware of the fact that the 
isoindolinones reported here, are able to racemize upon dissolution when further 
functionalization is required.  
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Chapter 5 
One-pot Synthesis, Crystallization and Deracemization of 
Isoindolinones from Achiral Reactants 
 
5.1 Introduction 
Single chirality in nature emerged under seemingly simple prebiotic conditions, yet the 
laboratory synthesis of enantiopure compounds under achiral circumstances still remains a 
formidable challenge to date. This challenge affects the chemical industry, which has to 
produce vast amounts of enantiopure building blocks for application in food and pharma 
products. The number of enantiopure drugs being launched is steadily increasing, so the 
development of novel methods to obtain enantiopure compounds is of paramount interest.1 
In addition, new processes need to be economical and sustainable, such as one-pot 
multistep conversions in which a combination of processes occur without intermediate 
recovery steps thereby reducing the number of unit operations.2 An example of such a 
process is the in-situ transesterification and solid-state deracemization of the methyl ester 
of Naproxen in one pot.3 
In Chapter 2 we described an approach to reach single chirality in which two achiral 
reactants were transformed into an enantiopure product in high yield without any pre-
existing chirality (Figure 5.1).4 During that process, the achiral enone and p-anisidine 
undergo a reversible aza-Michael addition in solution to give both enantiomeric β-amino 
ketones, which rapidly crystallize as racemic conglomerate crystals. These crystals 
repeatedly dissolve, racemize in solution and grow under grinding conditions and as such 
undergo deracemization through Viedma ripening.5-7 Overall, this procedure encompasses 
a one-pot transformation involving three steps: 1) synthesis of the product from achiral 
reactants, 2) crystallization and 3) solid-state deracemization of the product under grinding 
conditions, after which the enantiopure product can simply be filtered from the solution. 
In-situ product precipitation can offer many advantages, for instance during continuous 
crystallization8, 9, an approach which already has led to the continuous resolution of 
crystals of threonine.10 
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Figure 5.1. One-pot synthesis of enantiopure solids from achiral molecules. The racemization step reported in 
Chapter 2 involved only the reverse reaction.4 This work involves two reactions: 1) irreversible product 
formation and 2) a racemization reaction of the product. 
 
Key in the previous one-pot procedure is a reversible aza-Michael reaction, in which the 
combination and elimination of p-anisidine with an enone proceed under the same 
conditions, causing continuous solution phase racemization. A single reversible reaction 
thus leads to product formation as well as racemization in solution. However, in order to 
drive a reaction to completion, this reversibility must be avoided. Deracemization of such 
an irreversible reaction would still be possible only if racemization is induced through 
other means. 
In this Chapter, we use an irreversible reaction to make a chiral product and a different 
reversible ring-opening and ring-closure reaction to induce racemization in solution. The 
irreversible reaction involves the formation of isoindolinones, a structural motif 
encountered in pharmaceutical drugs.11 This one-way addition of achiral amines to achiral 
acid chlorides proceeds rapidly, leading to a racemic mixture of enantiomers. The 
isoindolinone products are not in equilibrium with the achiral precursors, but racemize in 
solution through an equilibrium of the N,O-acetal with the ring-opened form. After 
precipitation of the product, the crystals undergo deracemization through Viedma 
ripening. This way, three different isoindolinones were obtained in enantiopure solid form, 
from initially achiral conditions. The crystallization-induced absolute asymmetric 
synthesis concept can thus be extended to irreversible reactions.  
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5.2 Results and Discussion 
For ours experiments, we selected the three isoindolinones 1-3 (Figure 5.2) as these 
molecules form racemic conglomerate crystals, a property that is required to obtain 
molecules in enantiopure solid form.12 In solution, the synthesis of isoindolinones 1-3 
proceeds through the irreversible reaction of acid chloride 4 with the corresponding amine 
(Figure 5.2a). We found that this reaction can be promoted using DBU. Moreover, these 
molecules 1-3 undergo racemization in solution through a ring-opening and closing 
mechanism which can be induced by catalytic amounts of the same DBU.12 
 
 
Figure 5.2. The one-pot transformation of achiral reactants into enantiopure isoindolinone crystals. a) In 
solution, the achiral precursor 4 reacts with the corresponding amine (H2N-R) to give isoindolinones 1, 2 or 3 
which racemize through an achiral intermediate. b) Both enantiomeric forms crystallize and undergo complete 
deracemization through Viedma ripening. 
 
The combination of conglomerate crystallization and racemization in solution allows for 
the complete deracemization of isoindolinones 1-3 through total spontaneous resolution.12 
Moreover, in Chapter 4 we describe the deracemization of these isoindolinones through 
Viedma ripening (Figure 5.2b).13 The synthesis of the isoindolinones from the 
corresponding precursors proceeds smoothly in THF in which the reactants and products 
readily dissolve. However, in order to combine the synthesis and deracemization of 
isoindolinones 1-3 in one-pot, precipitation of the product is required. Therefore, water 
was added prior to the experiment to enable precipitation of the product during the 
reaction. A typical experiment involves mixing of all the required achiral components (i.e. 
the acid chloride 4, the corresponding amine, glass beads, DBU, the solvents THF and 
water and a stirring bar) into a round bottom flask. Once combined, the solution was 
stirred at full speed after which precipitation of the product started.  
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The ee of the solids was monitored over time using chiral HPLC to show that an 
enantiopure solid state was obtained within two days for all three isoindolinones (Figure 
5.3). 
 
 
Figure 5.3. Evolution of the solid phase ee of all three isoindolinones. 
 
After complete deracemization, the solids were isolated through filtration. In this way the 
typical work-up procedure involving quenching and extractions can be avoided. 
The experiments reproducibly resulted in the complete transformation of achiral starting 
materials into the enantiopure products (Table 5.1). As these experiments start from 
achiral conditions, it is expected that the final configuration of the product is either (R) or 
(S) with equal probability. We found that enantiopure isoindolinone 1 was obtained 4 × 
(R) and 2 × (S) (entry 1). On the other hand, enantiopure isoindolinone 2 was more often 
obtained with a final (S) configuration (entry 2). The transformation of achiral reactants 
into enantiopure isoindolinone 3 did proceed as expected, to give either (R)-3 or (S)-3 with 
equal probability. 
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Table 5.1. Experiments involving the synthesis of enantiopure isoindolinones from achiral reactants. 
Entry Isoindolinone Additive / Seeds Final configuration producta) 
1 1 - 4 × (R); 2 × (S) 
2 2 - 2 × (R); 6 × (S) 
3 
4 
5 
6 
3 
2 
1 
3 
- 
(S)-1b) 
(S)-1c) 
(R)-3c) 
6 × (R); 5 × (S) 
4 × (R); 1 x (S) 
5 × (S) 
5 × (R) 
a) The ee of the samples in each experiment was >99.9%. b) 1.3 mol% of additive or c) 2.5 mol% of seed crystals 
were added right before stirring. 
 
A non-stochastic outcome can be explained by the presence of chiral impurities which 
affect the crystal growth of one of the enantiomers.14 The effect of chiral impurities can be 
overruled by using chiral additives that closely resemble the molecule that undergoes 
deracemization.14 Isoindolinone 1 would be a suitable additive for the deracemization of 
isoindolinone 2 as these molecules crystallize in the same spacegroup12 and are 
structurally similar. We indeed found that the addition of 1.3 mol% of (S)-1 provides 
enantiopure (R)-2 in most experiments, following Lahav’s rule of reversal15 (entry 4). In a 
different way, (S)-1 was reproducibly obtained using seed crystals of (S)-1 (entry 5). The 
final configuration of isoindolinone 3 can also be controlled using seed crystals of the 
product (entry 6). After filtration, white crystals of the pure product were obtained in 
about 55-74% yield and 97% ee (see Supporting Information). DBU likely incorporates 
into the crystal structure of the product, resulting in trace amounts of DBU in the solid 
phase which can easily be removed through recrystallization. The mother liquor consisted 
of only the product and DBU, which shows that no side reactions were involved during the 
experiments. 
 
5.3 Conclusions 
In conclusion we here showed that the concept of crystallization-induced asymmetric 
synthesis of enantiopure products from achiral precursors can be extended to irreversible 
reactions. Our proof of concept involves the synthesis of three different enantiopure 
isoindolinones from the general reaction between an achiral acid chloride and achiral 
amine.  
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This one-pot procedure was developed to allow racemization in solution and formation of 
conglomerate crystals, two requirements which enable complete deracemization of the 
solid phase through Viedma ripening. The final configuration of the product could be 
controlled by enantiopure additives or more efficiently, using seed crystals of the desired 
product. Isolation of the product was simply achieved through filtration. 
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Chapter 6 
Controlling the Effect of Chiral Impurities on Viedma Ripening 
 
6.1 Introduction 
Chirality is a topic of paramount importance owing to the fact that both enantiomers of a 
compound can interact differently with various biomolecules (e.g., DNA, proteins, 
hormones) in the human body. As a result, pharmaceutical drugs must often be registered 
and, hence, produced in enantiopure form. Separation of enantiomers by chiral resolution 
is widely applied and a variety of methods are available (e.g. diastereomeric resolution).1 
However, the maximum yield of chiral resolution is by definition limited to 50%. This 
limitation can be overcome if the compound can change its handedness in solution. An 
example of such a process is total spontaneous resolution, as demonstrated by Havinga 
who obtained enantioenriched conglomerate crystals from a supersaturated solution in 
which the compound is racemized.2 This method was further developed by Kondepudi et 
al. who obtained enantiopure crystals through secondary nucleation by applying stirring-
induced crystallization from a supersaturated solution. In this case, the material was 
achiral in solution, thus no racemization was necessary.3 As Soai showed, chiral 
amplification can also be established in solution through an asymmetrich autocatalytic 
reaction.4, 5  
Although the previous examples illustrate methods in which deracemization can be 
achieved from an initial solution, remarkably, even an initially racemic solid phase can be 
deracemized by means of attrition. This was discovered by Viedma for NaClO3, a 
compound that is achiral in solution but which forms a conglomerate in the solid phase.6 
Noorduin et al. discovered that attrition-enhanced deracemization can also be applied to 
deracemize pharmaceutically relevant chiral molecules.7 This process of deracemization is 
now called Viedma ripening, and its mechanism is based on conglomerate crystals which 
are in contact with a saturated solution.8,9 Larger crystals grow, whereas smaller crystals 
dissolve due to the Gibbs−Thomson effect. Solute molecules of both enantiomers undergo 
racemization and can attach to larger crystals of either chirality. As a result of continuous 
attrition, chiral clusters are generated, and these chiral clusters merge enantioselectively 
with the larger crystals leading eventually to an enantiopure end state. The attrition causes 
the crystals to remain small, thereby speeding up the process. Prior to chiral amplification, 
the initial symmetry of the system has to break.  
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A number of different experimental approaches have been developed which allows the 
initial symmetry of the system to break. This ultimately leads to an enantiopure end state 
with a controlled handedness.10,11 For instance, a controlled enantiopure end state can be 
obtained by starting with an initial enantiomeric excess (ee).7 An initial difference in 
crystal size distribution (CSD) between the enantiomers can also direct the final chiral end 
state toward the initially larger crystals, even when the initial ee of the smaller crystals is 
higher.12, 13 Noorduin et al. furthermore showed that the chiral outcome can be controlled 
using circularly polarized light.14 Additionally, chiral additives can be used to control the 
final chiral end state, even in minute amounts.7, 15  
In the absence of any of these symmetry breaking agents, it is assumed that there is no 
enantiomeric preference for an end state of specific chirality due to the identical 
thermodynamic properties of enantiomers. Therefore, spontaneous symmetry breaking 
from an exact racemic state should result in an end state of which the chirality should be 
either left- or right-handed, dependent on random fluctuations. In practice, however, a 
stochastic chiral outcome as a result of spontaneous symmetry breaking has not been 
observed. In a number of chiral crystallization experiments described in literature, 
including the reported Viedma ripening experiments, preferential symmetry breaking was 
observed, and often this preference was associated with the likely presence of 
“cryptochiral environmental effects”.2, 16-22 It is indeed known that minute amounts of 
impurities well below the parts per million range can influence crystal growth.23 However, 
to establish which kind of impurity is accountable for the initial symmetry breaking is 
challenging, if not impossible. There are literature reports in which the nonstochastic 
nature in symmetry-breaking experiments was investigated. Singleton and Vo proved 
experimentally that the initial preferential symmetry breaking in the Soai reaction was due 
to solvent choice and therefore possibly due to undetected chiral impurities, which could 
be present in the solvent.5, 24 Viedma also suggested that chiral impurities could control the 
chiral outcome in his experiments on NaClO3.22 More recently however, Hein et al. 
showed that by applying ultrasonic waves to deracemize an amino acid derivative through 
Viedma ripening, the chiral outcome was obtained in a stochastic fashion.13 This is 
surprising because Viedma ripening using stirring-induced attrition of the same compound 
resulted in preferential deracemization.20 An explanation for these contrasting results is 
lacking.  
It is of interest to neutralize the effect of chiral impurities since these impurities control the 
chiral outcome of Viedma ripening undesirably, even at very low concentrations. From 
model studies, it is known that at higher attrition intensities, the chiral outcome should be 
more stochastic.25 
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In this Chapter, we show that Viedma ripening using higher attrition intensities indeed 
leads to an enantiopure end state in a stochastic fashion. Furthermore, by adding the right 
amount (10 ppm) of chiral additives which neutralize the effect of chiral impurities, we 
can obtain a stochastic outcome even when using mild attrition intensities. 
 
6.2 Results and Discussion 
Compound 1, an amino acid derivative which crystallizes as a conglomerate in space 
group P212121 and readily racemizes in solution using DBU as a catalyst, can be obtained 
in enantiopure form by means of Viedma ripening (Figure 6.1).7  
 
 
Figure 6.1. Viedma ripening of N-(2-methylbenzylidine)phenylglycine amide (1): racemization in solution (gray 
background) combined with crystal growth, ultimately results in an enantiopure crystalline phase in which the 
time to complete deracemization can be reduced considerably by attrition. 
 
As previously reported, in the absence of symmetry-breaking agents, compound 1 was 
successfully deracemized more than 100 times.11 The final chiral outcome from these 
experiments always turned out to be enantiopure (R)-1, thus with a 100% preference for 
the (R)-enantiomer. Preferential symmetry breaking was also observed in 
Havinga−Kondepudi resolution experiments with compound 1.19 These preferential 
symmetry breaking results can be attributed to the likely presence of impurities. Although 
the nature of these impurities is unknown, for simplicity we refer to these impurities as 
being (S)-impurities.  
Viedma ripening experiments have typically been conducted in round-bottom flasks 
(method A-1, Figure 6.2).  
 
O
NH2N
(S)-1
(R)-1
N
O
NH2
Solution
Solid (S)-1
DBU
Growth
Dissolution
Solid (R)-1
Chapter 6 
46 
 
To test if an increase in attrition intensity would suppress the effect of chiral impurities, 
Viedma ripening experiments were tested in scintillation flasks using exactly ten times 
less material (method A-2, Figure 6.2) as compared to method A-1.  
We expected that the attrition intensity in scintillation flasks would be higher because the 
crystals are closer to the stirrer bar as compared to attrition in round-bottom flasks. 
Moreover, we used a new scintillation flask in each experiment to avoid any possible 
chiral contamination from previous experiments. However, while complete 
deracemization was always achieved using method A-2, the final configuration was still 
always enantiopure (R)-1. To investigate if a further increase in attrition intensity would 
suppress the effect of chiral impurities, extra glass beads were added to method A-2. 
Indeed, Viedma ripening using this method (method B, Figure 6.2) did lead to complete 
deracemization in which the enantiopure end state was either (S)-1 or (R)-1 in a stochastic 
fashion.  
 
 
Figure 6.2. Results of Viedma ripening experiments using different methods. Each experiment resulted in 
complete deracemization to give enantiopure 1. 
 
Apparently, at higher attrition intensities, the effect of the (S)-impurity can be overruled. 
However, even at high attrition intensities, the (S)-impurity still affects the course of 
deracemization, as can be seen from Figure 6.3. Deracemization toward (R)-1 clearly 
proceeds faster than deracemization toward (S)-1. The (S)-impurity hampers the 
deracemization toward (S)-1, but the hindrance is not strong enough to control the end 
state of Viedma ripening.  
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Figure 6.3. Comparison of the course of chiral amplification toward (R)-1 (red) and toward (S)-1 (blue) using 
method B.   
 
Another way to achieve enhanced attrition is by applying ultrasound-assisted attrition 
(method C, Figure 6.2). Again, deracemization with ultrasounds no longer proceed 
preferentially toward the (R)-1 end state. This is consistent with the results of Hein et al. 
on a similar amino acid derivative.13 Our results show that an increase in attrition intensity 
creates a stochastic chiral outcome. This could be explained by the resulting smaller 
crystal sizes of compound 1. In order to get an indication of the overall crystal size during 
attrition for each method, samples of the slurry were taken and analyzed using scanning 
electron microscopy (SEM).  
The SEM-images in Figure 6.4 clearly show that different crystal sizes are obtained, 
depending on which method is used. The needles are large (up to 100 μm in length) during 
attrition of compound 1 using methods A-1 or A-2. This is because in these methods, 
attrition of the crystals only occurs at the bottom of the solution. Due to a small vortex 
which is induced by stirring, crystals can transfer to the top of the solution where the 
attrition intensity is minimal. As a result, the crystals can grow significantly in size and 
remain, on average, large in size. 
 
 
Figure 6.4. SEM images taken after attrition for 1 h of compound 1 in the absence of DBU in methods A-1, A-2, 
and B and after 15 min in method C.  
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Conversely, in method B, all the crystals are continuously ground and, therefore, the 
needle-shaped crystals remain small in size (up to 10 μm in length). Due to the uniform 
attrition created by ultrasound in method C, the crystals have a size comparable to method 
B. If the average crystal size of 1 is smaller, then the average crystal surface area of 1 is 
larger and, as a consequence, the surface density of impurities is smaller.  
We have thus demonstrated that the effect of chiral impurities can be suppressed by 
enhanced attrition. Next, we aim to neutralize the effect of these impurities by 
intentionally adding additives of opposite chirality. This method of titration should not 
only work at high attrition intensities but also for moderate attrition intensities, as in 
methods A-1 and A-2. Therefore, we determined the effect of many additive 
concentrations of both handedness on the chiral end state of 1, and these results are 
summarized in Figure 6.5.  
Enantiopure phenylglycine (2) was used as a chiral additive, since it has been shown to be 
effective in controlling the deracemization of 1.7 As expected, at concentrations of additive 
2 of 2 × 104 ppm and higher, the chiral end state of 1 was always opposite to that of the 
additive (i.e., it follows Lahav’s rule of reversal).7, 26 This was observed for all 
experiments, independent of the attrition intensity. If the attrition intensity is moderate 
(method A-2), as little as 30 ppm of (R)-2 was required to neutralize the effect of the 
unknown (S)-impurities. At lower concentrations of additive (R)-2, the effect of the (S)-
impurities dominates at moderate attritions. However, we also observed that in two 
experiments at a concentration of 6 × 10−2 ppm of (R)-2, the additive determined the end 
state to become (S)-1. Lack of material prevented us from obtaining more statistics on this. 
On the other hand, in the presence of 1 ppm or lower of additive (S)-2, the final chiral 
outcome was (R)-1, which was as expected due to the combined effect of the additive and 
the (S)-impurities at moderate attritions. As we have demonstrated earlier, in the absence 
of additives, only the (S)-impurities control the end state at moderate attrition intensities 
toward enantiopure (R)-1. However, if the attrition intensity is high (as in method-B and 
method-C), neither the additive nor the chiral impurities determine the end state at additive 
concentrations of 30 ppm and lower. This is because the enhanced attrition causes the 
surface density, and thus the effect of the additives/impurities to become negligible (light 
shaded area, Figure 6.5). Additive concentrations of 2 × 104 ppm or higher still determine 
the chiral outcome, even at high attrition intensities.  
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Figure 6.5. Schematic overview of the chiral outcome of Viedma ripening experiments of 1 in the presence and 
absence of phenylglycine (2) using results from previous11 and current experiments. The attrition intensity/crystal 
size is plotted against the concentration of 2 (log scale). The gradient of the background color represents the 
surface density of additives/impurities. Each sphere represents the chiral outcome of one Viedma ripening 
experiment, unless specified otherwise. 
 
Throughout the initial stage of Viedma ripening and in the absence of symmetry-breaking 
agents, no significant ee exists and the overall crystal size distribution of the enantiomers 
is roughly symmetric. Due to random fluctuations in time, the system will arrive at a point 
in which the ee or the difference in the crystal size distribution between the enantiomers is 
(locally) large enough to amplify the small difference and to set off the process of 
deracemization. Deracemization will then proceed to the enantiomer, which at that point 
happens to have an ee or a larger crystal size distribution. However, if chiral impurities are 
present, the symmetry is broken from the beginning. Chiral impurities inhibit the growth 
of one of the enantiomers, whereas the other enantiomer is affected to a smaller extent and 
is allowed to grow larger in size. Consequently, the average crystal size of one of the 
enantiomers is larger than the other, and this in turn determines the process of 
deracemization toward the enantiomer which has the largest crystals. 
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The consequence of a high attrition intensity is smaller crystals and thus a larger total 
surface area of compound 1. As a result of the large surface area, the surface density of the 
chiral impurities becomes smaller. In our case, the surface area of compound 1 in methods 
B and C is roughly 10 times as large as the surface area in method A (Figure 6.4), and the 
surface density of the chiral impurities on the crystals is expected to be about 10 times 
smaller. We expect that the majority of the chiral impurities are adsorbed on the crystal 
surface of compound 1. This is only true if the total number of surface sites of compound 
1 significantly exceeds the total amount of impurity molecules in the system. We estimate 
this by assuming for methods B and C an average crystal size of 10 μm and a crystal 
needle aspect ratio of 10. We find that at a level of 10 ppm of impurity, roughly 104 places 
on the crystal surface of compound 1 are available for each impurity molecule. This very 
low coverage leaves room for overruling the effect of the additive/impurity in method C. 
Another consequence of a high attrition intensity is the reduced time for the impurities to 
stereoselectively inhibit the crystal growth. The crystals are allowed to grow only for a 
very short time before being fractured, and as a consequence, there is insufficient time for 
the impurities to inhibit the growth of one of the enantiomers significantly. In this case, the 
difference in crystal size between the enantiomers is insignificant and therefore the initial 
symmetry will break by chance, leading to a stochastic outcome.  
Our results show that a small change in the Viedma ripening setup or conditions can 
drastically alter the course of Viedma ripening if impurities or additives are present. This 
is important to keep in mind when, for instance, a Viedma ripening process has to be 
scaled up to an industrial scale, because impurities may suddenly determine the 
handedness of the final state. 
 
6.3 Conclusions 
The effect of chiral impurities during Viedma ripening experiments can be suppressed by 
applying high attrition intensities. As a result, the surface density of chiral impurities 
becomes smaller, and therefore, the chiral impurities cannot inhibit the crystal growth 
sufficiently. Additionally, at low attrition intensities, the effect of chiral impurities during 
Viedma ripening can be neutralized by adding the right amount of counter additive. Only 
minute amounts of additive (approximately 10 ppm) are required to break the initial 
symmetry and to give a controlled enantiopure end state. 
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Chapter 7 
Linear Deracemization Kinetics during Viedma Ripening: 
Autocatalysis Overruled by Chiral Additives	
 
7.1 Introduction 
Acquiring enantiopure molecules is of profound importance in many fields of chemistry.1 
Viedma ripening2, 3 is among the most facile and reliable methods available to reach single 
chirality.4 It enables the complete solid-state deracemization of molecules that form 
racemic conglomerate crystals and racemize in solution. To date, many compounds have 
been deracemized successfully through Viedma ripening.5, 6 The initial symmetry breaking 
of the solid state, and with that the final configuration of the product, depends on the 
initial enantiomeric excess (ee)7, the difference in crystal size distribution (CSD) between 
the enantiomers8, unintended chiral impurities9 or chiral additives.7 Chiral additives 
hamper the crystallization and dissolution of their corresponding enantiomer leading to a 
difference in CSD between the enantiomers.10 
In the Viedma ripening process, symmetry breaking is followed by asymmetric 
amplification of the solid state ee, which possibly proceeds through the interplay of four 
processes: 1) racemization in solution, 2) Ostwald ripening, 3) attrition and 4) 
enantioselective reincorporation of chiral clusters.11 The effect of enantioselective 
incorporation of chiral clusters into larger crystallites of the same hand is required to 
explain the exponential increase in ee.11-15 Enantioselective agglomeration of crystals has 
been observed experimentally for sodium chlorate and sodium bromate.16 However, chiral 
recognition at a smaller scale between clusters and crystals has not been demonstrated yet, 
although achiral clusters and their interactions have been studied.17 Nevertheless, apart 
from a single report18, all computational studies in literature based on rate equations12, 13, 
Monte Carlo simulations14, 19, a population balance model20 and dispersive kinetic 
models,21 require a feedback mechanism in terms of clusters to account for the exponential 
deracemization rate observed in many Viedma ripening experiments.18, 22-27 
Recently, deracemization of conglomerate crystals was accomplished through repeated 
temperature-induced dissolution and growth of a racemic mixture of crystals in solution.28 
Differences in growth rates of crystals was proposed as the driving force behind this 
deracemization method using temperature cycling.29  
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These growth rate differences can be explained by the nucleation process of the crystals 
prior to deracemization in which nucleation of both enantiomers occurs at slightly 
different times and thus at different supersaturation levels. These differences lead to 
crystals that individually have slightly different defects and therefore slightly different 
thermodynamic- and kinetic properties. Two models have been proposed in which either 
the mean crystal growth rate or the growth rate dispersion was varied. Starting without a 
difference in CSD and ee, each model resulted in a sigmoidal increase in ee. As crystal 
breakage and agglomeration are not considered and temperature is constant, these 
models29 at present cannot be used to explain Viedma ripening. In this Chapter we show 
experimentally that deracemization through Viedma ripening in the presence of chiral 
additives leads to a linear instead of the previously observed exponential increase in ee. 
These results can be explained by means of a model which assumes a difference in growth 
and dissolution rate between the enantiomers. 
 
7.2 Results and Discussion 
7.2.1 Experimental Results 
To study the effect of additives on Viedma ripening, experiments were conducted using a 
model system involving an amino acid derivative (Figure 7.1, compound 1).7 We used this 
model system because the additive effect on this system is well known (see also Chapter 
6). The enantiopure additive (S)- or (R)-phenylglycine (2) is able to enantioselectively 
affect the crystallization of its corresponding enantiomer of compound 1. This leads to 
different crystallization and dissolution rates between the enantiomers. As a result, 
deracemization proceeds to give enantiopure 1 of which the final handedness of 1 is 
opposite to the handedness of the additive 2 (known as Lahav’s rule of reversal).30 
 
 
Figure 7.1. Schematic representation of the deracemization of compound 1 through Viedma ripening. Chiral 
additive (S)-2 enantiomerically hampers the crystal growth of (S)-1 leading to different growth and dissolution 
rates for (S)-1 and (R)-1 and ultimately an enantiopure (R)-1 end state is obtained. 
 
To avoid chiral contamination, we used a new scintillation flask in each experiment. The 
evolution of ee (which was measured using chiral HPLC) during Viedma ripening in the 
absence and presence of chiral additives is shown in Figure 7.2a.  
DBU
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(S)-1
O
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Without additives, the initial racemic solid state slowly becomes enantiomerically 
enriched after which the ee increases exponentially. Adding a small amount (0.4 mol%) of 
additive results in a much faster deracemization rate in which the ee was found to increase 
in a linear fashion. We used only a small amount of additives as previous results reported 
in Chapter 6 already showed that 10 ppm of additive was sufficient to completely control 
the chiral end state of the product. 
 
 
Figure 7.2. Viedma ripening experiments conducted in ACN. a) In the absence of additives, the ee of 1 is 
amplified in a sigmoidal fashion, whereas a linear increase in ee is observed when chiral additive 2 was used. The 
lines are a guide to the eye. b) Initial rate, dee/dt, of deracemization as a function of the amount of additive. 
 
The linear increase was reproducibly found for different amounts of additive for 
experiments conducted in acetonitrile (ACN). In a previous report, the additive amount 
used varied from 0.1 to 8.7 mol%.7 The fastest deracemization rate in our experiments was 
found to be in the presence of about 1 mol% of additive (Figure 7.2b).  
Similar linear growth kinetics were observed during Viedma ripening experiments 
conducted in methanol (see Supporting Information). In this case the deracemization rate 
was lower, which can be explained by slower racemization of 1 in MeOH (see Supporting 
Information). For additive concentrations above 80 mol% deracemization of 1 is almost 
completely inhibited. 
 
7.2.2 Model Description 
To understand the linear behavior of the observed ee(t) curves, we start with the simple 
model for Viedma ripening as described previously11, which is based on the original model 
of Uwaha.12-15 The only difference with the previous model is that we now allow for a 
difference in growth and dissolution rates between the enantiomers. This is based upon the 
experimental observation of a different size distribution between the enantiomers in the 
presence of enantiopure additives during grinding.10  
a) b)
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In this model only two crystal sizes are taken into account: big crystals (containing in total 
B+ and B− molecules of the two enantiomers) and clusters (containing C+ and C− 
molecules altogether). Figure 7.3 schematizes the various processes involved in the 
deracemization procedure, which is described by the set of coupled differential equations 
7.1a-d with analogous equations for the opposite enantiomer (not shown). 
 
Figure 7.3. Schematic view of the processes involved during Viedma ripening. 
 
 
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  MMCBCBT = constant  (7.1d) 
 
The solid phase ee is defined as: 
 
 
)()(
)()(




CBCB
CBCBee   (7.2) 
 
We assume an ablation rate (formation of small chiral clusters by grinding) proportional to 
the number of large crystals of each enantiomer, bB. As fractured crystals are studded with 
growth steps and the advancement of steps is proportional to supersaturation, we consider 
linear growth kinetics.  
M+
B+ B-
C+ C-
-a++a+
b bc c
M-d
+a--a-
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This means that the growth and dissolution rate of large crystals and small clusters is 
proportional to the difference in actual solute concentration and the equilibrium 
concentration of the solution in contact with the large crystals and small clusters, 
)( /// CBeqMMa  . As a consequence of the Gibbs-Thompson effect the equilibrium 
concentration of the solution in contact with the small clusters, CeqM , is larger than that of 
the large crystals BeqM . The incorporation rate of small clusters into the large crystals of 
the same handedness is second order, proportional to both the number of large crystals and 
the number of small clusters i.e. cCB. We assume no incorporation of small clusters into 
large crystals of opposite handedness. Finally, the racemization rate constant in solution is 
defined by d, where we assume that the racemization rate is proportional to the difference 
in concentration of both enantiomers, )(   MMd . All the parameters used are listed in 
Table 7.1. 
 
Table 7.1. Variables and constants used in this Chapter. All numbers and rates have a relative meaning only 
B+, B− Number of molecules in large crystals of the + and − enantiomer 
C+, C− Number of molecules in small crystal clusters of the + and − enantiomer 
M Total number of monomer molecules in solution 
M+, M− Number of monomer molecules of the + and – molecules in solution 
t Time 
B
eqM  Equilibrium number of molecules in solution when in contact with the big 
crystals of each enantiomer 
C
eqM  Equilibrium number of molecules in solution when in contact with the small 
clusters of each enantiomer 
T Total number of molecules in the solid phase and solution 
ee Enantiomeric excess in the solid phase 
a+, a− Kinetic coefficients for growth and dissolution of the + and − enantiomer 
b Rate constant for ablation of big crystals 
c, c+, c− Rate constants for the incorporation of chiral clusters into big crystals 
d Rate constant for racemization in solution 
 
k Rate constant for deracemization at start; kt
tee
t





0
)(  
 
To follow the process of deracemization in time, the set of equations 7.1a-d is numerically 
integrated using the finite difference method.  
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Similar to the experiments, the system was “premixed” for some period prior to the ee(t) 
runs, keeping a+ = a− = (a+ + a−)/2, not allowing racemization in the liquid and starting 
from B+ = B− and C+ = C − = 0. This gives ee(t=0) = 0, an equal size distribution of both 
enantiomers (i.e. B+ = B− = B0 and C + = C − = C0) and avoids initial fluctuations in ee(t). 
In all simulation runs we kept 0.1BeqM and 1.1CeqM .  
 
7.2.3 Simulations 
In earlier work, Viedma ripening in the absence of chiral additives was explained by the 
reincorporation of tiny chiral clusters (c  0) produced by grinding, into the larger crystals 
of the same handedness.11 This leads to sigmoid shaped ee(t) curves as was also observed 
in many experiments.22-25 In our model (i.e. equations 7.1a-d) this situation corresponds to 
a+ = a− and c  0 (Figure 7.4, solid line). Chiral additives or chiral impurities reduce the 
growth and dissolution rate of chiral crystals of the same handedness.7, 9, 10 Therefore, 
adding chiral additives to the system leads to slightly different values of the kinetic 
coefficients a+ and a−. Simulations using a fixed c  0 show that upon introducing a 
difference between a+ and a- leads to a change in curve shape which becomes more and 
more linear as shown in Figure 7.4. The additive effect almost completely overrules the 
cluster effect provided that the additive effect is sufficiently large (a+ - a− = 0.50, Figure 
7.4). In addition, deracemization proceeds much faster when enantiopure additives are 
present. 
 
 
Figure 7.4. Simulations of Viedma ripening experiments as a function of the amount of additive, corresponding 
to a specific difference in (a+ - a−) for fixed c. Simulation parameters: ee(t=0) = 0.001; c = 0.01; a- = 5.00; d = 
10. 
 
  
Linear Deracemization Kinetics during Viedma Ripening 
 
59 
 
7.2.4 No Clusters Required for Complete Deracemization 
We find that there is no need for cluster incorporation to achieve full deracemization by 
grinding, provided that a+  a−. Solving the set of coupled differential equations with c = 0  
and ∂#/∂t = 0 gives four steady state solutions at t = . This follows from solving 
equations 7.3a-7.3c, equation 7.1d and the analogous equations for the opposite 
enantiomer (not shown).  
0)(   bBMMBa Beq  (7.3a) 
  
0)(   bBMMCa Ceq  (7.3b)  
 
0)()()(   MMdMMCaMMBa CeqBeq  (7.3c) 
The four solutions are: 
i. B− = 0, C− = 0, with B+ + C + = T - M  and ee = 1 
ii. B+ = 0, C+ = 0, with B− + C − = T - M  and ee = -1 
iii. B- and B+  0, this solution is only possible if a+ = a- 
iv. B− = B+ = C − = C + = 0, if all crystals are dissolved in M by too intense grinding 
(i.e. b is too large). 
In all four cases the solution gives M+ = M- = 0.5M, regardless of d > 0. Only solutions i) 
and ii) are relevant and show that at t = , enantiopure material is obtained by Viedma 
ripening without the need for cluster incorporation (i.e. it is possible to have c = 0) into the 
big crystals in case a+  a−. 
 
7.2.5 Deracemization Kinetics 
The set of differential equations 7.1a-d cannot be solved exactly, but needs 
approximations to derive an analytical expression for the deracemization rate constant, k = 
ee(t)/t (see Supporting Information). For c = 0 and fast racemization, i.e. d → ∞, this 
gives: 
 
)/()(   aaaabk  (7.4) 
 
This demonstrates that the kinetics are indeed linear. Equation 7.4 further shows that in 
this approximation k practically only depends on the grinding rate b and the kinetic 
coefficients a+ and a−, and is almost independent of the total amount of chiral molecules, 
and the equilibrium concentrations.  
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Figure 7.5a shows a simulated ee(t) curve (dashed line) for c = 0, ee(t=0) = 0 and d =  
and the comparison with the linear relation ee(t) = kt (solid line), with k given by equation 
7.4. For low values of t an excellent fit is obtained. To validate this expression for 
different parameters a successful comparison has been made between k values obtained 
from simulations and calculated k using equation 7.4 (Figure 7.5b). 
 
 
Figure 7.5. a) Simulated ee(t) (dashed line) and a fit with ee(t) = kt (solid line) with a+ = 5.05; a− = 5.00; b = 0.2; 
c = 0. b) k/b obtained from simulated ee(t) slopes at t = 0 as a function of (a+-a-)/(a++a-) for different values of a+ 
and b, keeping a- = 10.0, c = 0 and d = . If equation 7.4 is perfectly satisfied, the slope of the curve is 1.0, which 
holds well for the smaller values of (a+-a-)/(a++a-) and b. 
 
7.2.6 Additive Versus Cluster Effect 
Both the additive and the cluster effect can act simultaneously (c  0 and a+  a−). 
Numerous simulations using a variety of parameters and instantaneous racemization in 
solution indeed show in every case that equation 7.4 is approximately satisfied. Figure 
7.6a displays k versus )/()(   aaaab  curves for three values of c and shows that 
the linear curves coincide for all c. In other words, k is independent of c, and the difference 
between a+ and a− gives the ee(t) curve an initial “boost” with slope k. For further time t, 
the ee(t) curve turns sigmoidal and the cluster effect determines the deracemization 
process as shown in Figure 7.6b.  
 
a) b)
Linear Deracemization Kinetics during Viedma Ripening 
 
61 
 
 
Figure 7.6. a) k versus )/()(   aaaab  for three values of c, showing that the initial slope of the ee(t) curve is 
solely determined by a+, a− and b, and not by c. b) After an initial linear increase ((a+ - a−) = 0.10), the cluster 
effect (c = 0.008) takes over, resulting in a sigmoidal increase in ee for larger ee(t). Simulation parameters: 
ee(t=0) = 0.0; a− = 5.00; b = 0.2; d = 500; 1.1CeqM ; 0.1BeqM . 
 
Chiral additives or impurities may also affect the incorporation of the clusters into the 
larger crystals, resulting in different clustering rates (i.e. c+  c−). Figure 7.7a shows an 
ee(t) curve for c+  c−, ee(t=0) = 0 and a+ = a−. Again 0k , but also sigmoidal 
characteristics can be observed. In this case the initial deracemization rate is found to 
depend almost linearly on c+ - c− (Figure 7.7b). A complete expression for k is beyond the 
scope of our study. A combination of a+  a− and c+  c− gives sigmoidal curves and again 
with 0k . 
 
 
Figure 7.7. Different cluster incorporation rates c+  c− and a+ = a−: (a) ee(t) curve showing that 0k ; (b) 
Linear dependence of k on (c+ - c−). In (a) (a=5.0; c+=0.015; c−=0.01); in (b) (a=5.0; b=0.2; c−=0.01). 
 
  
a) b)
)/()( −+−+ +− aaaab
k
b)a)
k
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7.2.7 Effect of Racemization Rate 
To verify the effect of slower racemization rates in solution, simulation runs have been 
performed for a range of d values. For all values of d the simulation runs with a+  a− and 
c = 0 again produce linear ee(t) curves except for large t as shown in Figure 7.8. Thus, the 
initial linearity persists independently of racemization rate. This corresponds to our linear 
ee(t) curves of Viedma ripening experiments conducted in both ACN (fast racemization) 
and MeOH (slow racemization). The deracemization rate constant, k, decreases for 
decreasing d, as expected (Figure 7.8b). But the linearity of ee(t) for initial t persists. 
 
 
Figure 7.8. The effect of slower racemization in solution: (a) regardless of the racemization rate, the onset of the 
ee(t) curve is always linear; (b) k as a function of racemization rate d in the solution. Simulation parameters: a+ = 
5.05; a− = 5.00; b = 0.2; c = 0. In (a), d = 10. 
 
7.2.8 Discussion of Experiments and Simulation 
Both our experiments and our model show linear ee(t) curves. For the experiments the 
linearity persists almost to ee(t) = 1, with a large slope k. This indicates that the 
enantiopure additive leads to a difference in the growth and dissolution rates between the 
enantiomers (i.e. the difference between a+ and a−), which completely overrules the effect 
of cluster incorporation. Both compound 1 and additive 2 were used previously7, and in 
that work the ee(t) curves showed both linear and sigmoidal characteristics similar to 
Figure 7.4. The main difference between both series of experiments is the deracemization 
time. The downscaling in our experiments results in a one to two orders of magnitude 
larger grinding rate (i.e. b in our model) that leads to a 50 times faster deracemization rate 
as compared to the previous study.7 This in turn leads to a large k-value, overruling the 
effect of cluster incorporation, giving almost completely linear ee(t) curves in contrast to 
the previous report.7 For very high additive concentrations k does not increase anymore in 
our experiments (see Supporting Information). Possibly the surface of the crystals is 
completely covered by the additive of the same handedness, so a “saturation” of (a+ - a−) 
occurs. It is also possible that a high chiral additive concentration hinders the growth rate 
of the opposite enantiomer as well.  
a) b)
k
Racemization Rate d (a.u.)
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Following the simplest model, the initial slope of ee(t) is )/()(   aaaabk . This 
implies that the effect of chiral additives on Viedma ripening is largest if the additive 
induces a difference in growth rates between both enantiomers, (a+ - a−) and the grinding 
rate (b) is large. However, one cannot exclude additive adsorption effects on the 
incorporation rate of clusters. Also the rate of solution racemization plays a role. Both 
affect the time development of the solid state ee, but in all cases the ee(t) curve is linear 
for not too large t and its initial slope is larger than zero. 
Recently, another model for Viedma ripening has been proposed, which is based on crystal 
size dependent growth rates by introducing a frequency term in the crystal growth rate 
expressions.26 This gives comparable sigmoid ee(t) curves as observed for the cluster 
model. We expect that also for these approaches a difference in growth rates, a+  a−, 
gives the ee(t) curves an initial “boost” with slope k.  
 
7.3 Conclusions 
Deracemization through Viedma ripening was experimentally found to proceed in a linear 
fashion when enantiopure additives are present. This can be explained by taking a 
difference in growth and dissolution rates between the enantiomers into account. The 
model gives a linear onset of the solid state ee(t) curve. A competition between the 
additive effect and the effect of chiral cluster incorporation into the enantiomeric solid 
phase of the same handedness will take place if time progresses. If the additive effect is 
dominant, then the ee(t) curve remains linear for large t and deracemization proceeds fast. 
If the effect of the additive is less strong, then the cluster incorporation effect (or another 
sigmoidal ee(t) curve forming phenomenon) will take over and the ee(t) curve becomes 
sigmoidal for larger t. But also in this case deracemization proceeds faster. In addition, we 
showed that complete deracemization can be achieved through Viedma ripening without 
the need for cluster incorporation effects, when chiral additives induce a difference in 
growth rate between both enantiomers. 
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Supporting Information Chapter 2 
General Methods (also applies to Chapter 3) 
All chemicals, solvents and glass beads (ø=1.5-2.5 mm) were purchased from Sigma-
Aldrich and used as received. Compound (E)-4-(3,4-dimethoxyphenyl)but-3-en-2-one (3) 
(98% pure) was acquired from Alfa Aesar and used as received. In addition, compound 3 
was also prepared in our laboratories according to a literature procedure1 (the procedure is 
reported below). Scintillation flasks and PTFE-coated oval magnetic stirring bars (length 
20 mm, ø10mm) were purchased from VWR. 
 
Preparation and Characterization of Compound 3 
(E)-4-(3,4-dimethoxyphenyl)but-3-en-2-one (3) was prepared according to a literature 
procedure1: To a solution of veratryl aldehyde (20.4 g, 99.0 mmol) in aqueous ethanol 
(50:50 v/v%, 1.6 l) were slowly added, in a dropwise manner: acetone (43.0 ml, 585 
mmol) and then a 10% aqueous solution of NaOH (144 ml). After 2 hours, the solution 
was neutralized with 2M aqueous HCl (120 ml) and the product was extracted with 
CH2Cl2 (3 × 150 ml). The organic phase was washed with brine (300 ml), dried (Na2SO4), 
and the solvent was removed under reduced pressure. The resulting oil was further 
purified by repeated crystallizations from Et2O and n-hexane to give enone 3 as yellow 
crystals (~95% pure according to H-NMR). 1H-NMR (300 MHz, CDCl3): δ 7.47 (d, J = 
16.2 Hz, 1H), 7.13 (dd, J = 2.1, 8.3 Hz, 1H), 7.08 (d, J = 2.0 Hz, 1H), 6.88 (d, J = 8.3 Hz, 
1H), 6.61 (d, J = 16.1 Hz, 1H), 3.92 (s, 6H), 2.37 (s, 3H). 1H-NMR data are consistent 
with those reported in literature.2 
 
Sampling 
A single drop of the suspension was taken from the experiment with a pasteur pipette and 
was subsequently brought into an eppendorf vial. The drop was mixed with 2-propanol (1 
ml), a step which is not necessarily needed (see SI, Chapter 3).  
The suspension was centrifuged at 14,000 rpm for 1 minute in order to separate the mother 
liquor from the solids. After centrifugation, the solution was carefully removed and the 
solids were used to determine the ee. 
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Determination of ee by Chiral HPLC Analysis  
To determine the ee through chiral HPLC, approximately 0.1 mg of solids was dissolved 
in 2-propanol (1.5 ml) in an HPLC vial. A drop of DMSO was added to the HPLC sample 
to ensure complete dissolution of the solids. The sample was analyzed using the following 
conditions: HPLC column Chiralpak AD-H (250×4.6 mm ID), injection volume 10 µl, 
eluent n-heptane/2-propanol (80/20 v/v%), flow 1 ml/min, r.t., λ=254 nm. Retention times: 
(R)-1 15.8 min, (S)-1 19.1 min, p-anisidine (2) 7.3 min, ketone 3 7.3 min. 
 
Synthesis and Characterization of 1 in the Absence of Crystals  
A solution (0.025M) was prepared by dissolving p-anisidine (2) (31 mg, 0.25 mmol), (E)-
4-(3,4-dimethoxyphenyl)but-3-en-2-one (3) (52 mg, 0.25 mmol) and DBU (19 µL, 0.13 
mmol) in EtOH (20 mL). The solution was stirred at 600 rpm using an octahedral 
magnetic stirring bar at 22 °C. HPLC samples were taken daily to show that the ee of the 
solution remains 0% after 8 days. The mole fraction of (rac)-1 was determined to be about 
17% based on 1H-NMR analysis of the solution. 1H-NMR (300 MHz, CDCl3): δ 6.91-6.87 
(m, 2H), 6.82-6.79 (m, 1H), 6.73-6.66 (m, 1H), 6.55-6.49 (m, 2H), 4.69 (q, J = 6.5 Hz, 
1H), 4.11 (br s, 1H), 3.85 (s, 6H), 3.70 (s, 3H), 2.89 (d, J = 6.6 Hz, 2H), 2.11 (s, 3H). 1H-
NMR data are consistent with those reported in literature.2 
 
Synthesis with the Product as a Catalyst in Solution 
Two 0.025M solutions were prepared by dissolving p-anisidine (2) (31 mg, 0.25 mmol), 
and (E)-4-(3,4-dimethoxyphenyl)but-3-en-2-one (3) (52 mg, 0.25 mmol) in EtOH (20 
mL). (S)-1 (21 mg, 25 mol%) was added in one flask and (S)-1 (10 mg, 12.5 mol%) was 
added in another, and both solutions were stirred at 600 rpm using an octahedral magnetic 
stirring bar at 22 °C. HPLC samples were taken daily to show that the ee of the solution 
remains 100% in (S)-1 after 8 days. However, the mole fraction of (S)-1 of both 
experiments dropped (from 25% to 14% and from 12.5% to 10%) based on 1H-NMR 
analysis of the solution. Therefore, no evidence of asymmetric autocatalysis was observed 
in solution.  
The smaller final mole fraction can be attributed to the elimination of the product into its 
corresponding achiral counterparts 2 and 3, as was observed in literature.2 
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Synthesis with the Product and DBU in Solution  
A solution (0.025M) was prepared by dissolving p-anisidine (2) (31 mg, 0.25 mmol), (E)-
4-(3,4-dimethoxyphenyl)but-3-en-2-one (3) (52 mg, 0.25 mmol), DBU (19 µL, 0.13 
mmol) and (S)-1 (21 mg, 25 mol%) in EtOH (20 mL). The solution was stirred at 600 rpm 
using an octahedral magnetic stirring bar at 22 °C. HPLC samples were taken daily to 
show that the solution remains racemic after 8 days. The mole fraction of (rac)-1 was 
determined to be about 17% based on 1H-NMR analysis of the solution. 
 
Control Experiment to Verify Racemization in Solution  
A solution of enantiopure 1 was prepared by dissolving enantiopure (R)-1 (29.4 mg, 0.090 
mmol) in ethanol (20 ml). After a sample was taken, DBU (7 µl, 0.05 mmol) was added, 
the solution was stirred and samples were taken every 15 minutes. The samples were 
analyzed using chiral HPLC to show that 1 was racemic within 90 minutes. The results of 
this experiment are shown in Figure SI-2.1. The actual racemization rate in the grinding 
experiments is expected to be higher because in those experiments, the solution is already 
saturated with reactants. 
 
 
Figure SI-2.1. Racemization of compound 1 in solution. a) The initially enantiopure (R)-1 in solution splits up to 
furnish the achiral reactants 2 and 3 which subsequently react to give both (R)-1 and (S)-1, thus ultimately 
causing the solution to become racemic. b) Racemization of (R)-1 in solution in time. The left part of the figure 
shows the decrease in ee of (R)-1 as a function of time and the right part shows the corresponding HPLC traces 
which indicates that racemization occurs via its reactants. 
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General Procedure to Transform 2+3  into Enantiopure 1  
A typical experiment consists of combining the achiral reactants with the achiral catalyst 
in a solution in the presence of glass beads and a magnetic stirring bar. The resulting 
solution is subsequently stirred until solids emerge which at the same time are ground until 
an enantiopure product remains. A solution of p-anisidine (2) (154 mg, 1.25 mmol), (E)-4-
(3,4-dimethoxyphenyl)but-3-en-2-one (3) (258 mg, 1.25 mmol) and DBU (93 µL, 0.62 
mmol) in EtOH (2.5 mL) was stirred at 800 rpm using an oval magnetic stirring bar in the 
presence of glass beads (ø=1.5-2.5 mm, 7.0 g) in a sealed scintillation flask at 22 °C. After 
prolonged grinding, the solid phase of 4-(3,4-dimethoxyphenyl)-4-((4-
methoxyphenyl)amino)butan-2-one (1) evolved to enantiopure solids which were isolated 
by centrifugation in pure form (291 mg, 71%). 
 
Experiment to Determine Concentration of 1, 2 and 3 During the Reaction 
A solution of p-anisidine (2) (616 mg, 5.00 mmol), (E)-4-(3,4-dimethoxyphenyl)but-3-en-
2-one (3) (1032 mg, 5.00 mmol) and DBU (372 µl, 2.50 mmol) in EtOH (10.0 ml) was 
stirred at 1400 rpm using an oval magnetic stirring bar in the presence of glass beads (28.0 
g) in a round bottom flask at 22 °C. Samples were taken from the experiment using a 
Pasteur pipette and the solid phase was isolated from the liquid phase through 
centrifugation. After all of the solvent was evaporated from the sample, the mass of the 
liquid- and solid phase was measured. The concentration of reactants and product in the 
liquid sample was determined using 1H-NMR and the ee of the solids was measured using 
chiral HPLC. 
 
Amplification of ee as a Function of Catalyst Concentration  
Instead of using reactant 3 (98% purity) from the commercial source, we used freshly 
prepared reactant 3 (~95% purity) for these experiments: 
To study the effect of catalyst concentration, we dissolved a fixed amount of reactants (E)-
4-(3,4-dimethoxyphenyl)but-3-en-2-one (3) (644 mg, 3.12 mmol) , p-anisidine (2) (385 
mg, 3.12 mmol) and different amounts of DBU (140-233 µl, 0.94-1.56 mmol). The results 
of this experiment are shown in Figure SI-2.2. 
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Figure SI-2.2. Chiral amplification as a function of time for experiments with different catalyst loadings. The 
lines are a guide to the eye. 
 
X-Ray Diffraction Studies 
A prerequisite for chiral amplification through Viedma ripening is that the molecule must 
form racemic conglomerate crystals. In order to establish whether product 1 forms 
conglomerate crystals, X-ray diffraction studies were carried out. It was found that the unit 
cell of (rac)-1 consists of four of the same enantiomers, proving that crystals of product 1 
are indeed conglomerate crystals. In addition, if a compound forms conglomerate crystals, 
the X-ray powder pattern of the racemate should match with the powder pattern of the 
enantiopure compound.3 It was found that the powder patterns of (rac)-1 indeed matches 
with the powder pattern of (S)-1 and thus that product 1 forms conglomerate crystals. 
These results are shown in Figure SI-2.3. 
Crystal data of (rac)-1 (recrystallized from EtOAc); C19H23NO4, orthorhombic, space 
group P212121, a = 6.0842 (5) Å, b = 16.1486 (8) Å, c = 17.3137 (8) Å, Z=4, Z’=1, V = 
1701.09 Å3. CCDC 976528 (refcode KOQNIP) contains crystallographic data. 
 
 
Figure SI-2.3. X-Ray diffraction of compound 1. a) The unit cell of (rac)-1 which consists of four of the same 
enantiomers. b) X-Ray powder pattern of (S)-1 (top) and (rac)-1 (bottom). 
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Supporting Information Chapter 3 
Viedma Ripening Experiments Involving Different Initial Reactant Concentrations 
Experiments involving different initial reactant concentrations (0.9 – 1.5 M) were carried 
out by filling a scintillation flask with the achiral reactants p-anisidine (2) (138.5 mg, 1.13 
mmol – 231.0 mg, 1.88 mmol), (E)-4-(3,4-dimethoxyphenyl)but-3-en-2-one (3) (232.0 
mg, 1.13 mmol – 386.6 mg, 1.88 mmol), DBU (84.0 µL, 0.57 mmol – 140.0 µL, 0.94 
mmol) and ethanol (2.5 mL). The homogeneous solution was stirred at 800 r.p.m. using an 
oval magnetic stirring bar in the presence of glass beads (ø = 1.5 – 2.5 mm, 7 g) until 
solids were formed. The solid state ee and the concentration of the product (1) were 
monitored over time using chiral HPLC and 1H-NMR analysis respectively.  
 
Viedma Ripening Experiments in the Presence of Seed Crystals 
A solution of 1.5 M was prepared by dissolving p-anisidine (2) (231.0 mg, 1.88 mmol), 
(E)-4-(3,4-dimethoxyphenyl)but-3-en-2-one (3) (387.0 mg, 1.88 mmol) and DBU (140.0 
µL, 0.94 mmol) in ethanol (2.5 mL) in a scintillation flask. To this homogenous solution 
were added enantiopure seed crystals (0.6 mg, 0.10 mmol – 68.6 mg, 10.00 mmol). The 
suspension was ground in the presence of glass beads (ø = 1.5 – 2.5 mm, 7 g) using an 
octahedral stirring bar at 700 r.p.m. and samples were taken regularly. 
 
Temperature Cycling Experiments (Program 4) 
To a 5 mL thermostatted flask, equipped with a double crossheaded magnetic stirring bar, 
was added p-anisidine (2) (154.0 mg, 1.25 mmol), (E)-4-(3,4-dimethoxyphenyl)but-3-en-
2-one (3) (258.0 mg, 1.25 mmol) and ethanol (2.5 mL). During the experiments, the 
solutions were continuously stirred. After complete dissolution, DBU (93 µL, 0.62 mmol) 
was added to the homogenous solution and the solution was kept at 30 °C over a period of 
5 minutes. The homogenous solution was slowly cooled to 10 °C over a period of 12 hours 
to allow sufficient precipitation of the product.  
The suspension was subsequently subjected to repeated temperature cycles of 60 minutes 
each: the suspension was first heated to 30 °C over a period of 10 minutes. Once at 30 °C, 
this temperature was maintained for 5 minutes after which the suspension was cooled to 
10 °C over a period of 30 minutes. Finally, the suspension was kept at 10 °C for 15 
minutes and samples were taken at this point to determine the ee of the product.  
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Determination of Solid State ee of 1 
Samples for the determination of the solid state ee were obtained through centrifugation. 
Typically, three drops of suspension were taken from the experiment by means of a 
Pasteur pipette and were brought into an Eppendorf vial. Centrifugation was carried out at 
14,000 r.p.m. for 1 minute after which the mother liquid was carefully removed from the 
solids. About 0.1 mg of the solids was dissolved in 2-propanol (1.5 mL) in an HPLC vial. 
A drop of DMSO was added to the HPLC vial to ensure complete dissolution of the 
crystals. The samples were subjected to chiral HPLC analysis using the following 
conditions: HPLC column Chiralpak AD-H (250 × 4.6 mm ID), injection volume 10 µL, 
eluent n-heptane/2-propanol (80/20 v/v%), flow 1 mL/min-1, room temperature, λ = 254 
nm. Retention times: (R)-1 15.8 min,  (S)-1 19.1 min, p-anisidine (2) 7.3 min, ketone (3) 
7.3 min. 
 
Determination of the Fraction of 1 
A single drop of solution was taken from the experiment and the solvent was allowed to 
evaporate at room temperature. The residue was dissolved in CDCl3 (0.5 mL) and 
analyzed by 1H-NMR. The chemical shifts of compounds 1 and 3 are reported in the 
supporting information of Chapter 2. From the spectra, the mass fraction of 1 was 
determined with respect to the total amount of reaction components (1-3). 
 
Solubility Measurements 
A suspension was prepared by adding either compound 1, 2 or 3 (~700 mg) to a solution 
of ethanol (3 mL). Glass beads (5 g) were added and the suspensions were magnetically 
stirred with an octahedral stirring bar at 600 rpm at r.t. for about 16 hours. The 
suspensions were filtered over an Acrodisc HPLC syringe filter and the resulting filtrates 
were collected. The mass of compounds 1-3 were measured after complete removal of the 
solvent to give the following solubilities: enantiopure product 1 (1 wt%), reactant 2 (44 
wt%) and reactant 3 (7 wt%). 
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Supporting Information Chapter 4 
General 
The ee of the racemic starting material was checked to be 0% within the detection limit of 
about 0.5% ee of the chiral HPLC. PTFE-coated octahedral magnetic stirring bars (length 
25 mm, ø 10 mm) and PTFE-coated oval magnetic stirring bars (length 20 mm, ø 10 mm) 
were purchased from VWR. Glass beads (ø = 1.5−2.5 mm) and all chemicals and solvents 
were purchased from Sigma-Aldrich and used as received.  
1HNMR experiments were recorded on a 300 MHz spectrometer. 13C-NMR spectra were 
recorded on a 75 MHz spectrometer. Chemical shifts (δ) are quoted in parts per million 
(ppm) and calibrated by setting the tetramethylsilane (TMS) signal to 0 ppm for the 1H-
NMR experiments and the chemical shifts for the 13C-NMR experiments were calibrated 
by setting the solvent (CDCl3) residual peak to 77.0 ppm. The temperature was kept at 20 
± 2 °C for all experiments.  
 
Synthesis of the Isoindolinones 
General procedure for the synthesis of all three isoindolinones, adapted from a literature 
procedure:4 
A solution of 2-benzoylbenzoicacid (13.6 g, 60.0 mmol) in THF (300 mL) was treated 
with SOCl2 (9.60 mL, 132 mmol) and DMF (~10 drops). The reaction mixture was stirred 
under an inert atmosphere (argon flow) for 16 hours. The solvent and excess of SOCl2 
were evaporated by rotary evaporation. The resulting oil was dissolved in THF (300 mL) 
and cooled to 0 °C with an ice bath. The appropriate amine (60 mmol) and triethylamine 
(18.6 mL, 132 mmol) were subsequently added to the reaction mixture.  
After stirring for 5 hours at room temperature, aqueous 1M HCl (200 mL) and EtOAc 
(300 mL) were added which resulted in a biphasic system. The layers were separated and 
the organic layer was washed with saturated aqueous NaHCO3 (2 × 150 mL) and H2O (2 × 
150 mL). The organic layer was dried with Na2SO4, filtered and the solvent was removed 
by rotary evaporation to give the product as an off-white solid (average of 52 mmol, 90% 
yield). 
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NMR Data for the Isoindolinones 
Compound 1: 
1H NMR (300 MHz, CDCl3, 25°C, TMS): δ = 0.78 (t, J = 7.2 Hz, 3H), 1.29-1.60 (m, 2H), 
2.86-2.96 (m, 1H), 3.34-3.43 (m, 1H), 3.50 (s, 1H), 7.25-7.49 (m, 8H), 7.70 (d, J = 7.4 Hz, 
2H); 13C NMR (300 MHz, CDCl3, 25°C, CDCl3): δ = 11.7, 22.1, 41.3, 91.4, 122.6, 123.2, 
126.1, 128.5, 129.5, 130.6, 132.5, 138.6, 149.9. NMR data are consistent with those 
reported in literature.4 
Compound 2: 
1H NMR (300 MHz, CDCl3, 25°C, TMS): δ = 1.25 (d, J = 6.9 Hz, 3H), 1.43 (d, J = 6.9 
Hz, 3H), 2.97 (s, 1H), 3.62 (sept, J = 6.9 Hz, 1H), 7.15-7.21 (m, 1H), 7.30-7.37 (m, 3H), 
7.41-7.47 (m, 4H), 7.71-7.77 (m, 1H); 13C NMR (300 MHz, CDCl3, 25°C, CDCl3): δ = 
19.8, 21.2, 44.9, 91.8, 122.4, 123.0, 126.4, 128.3, 129.4, 131.6, 132.3, 138.7, 149.6, 167.3. 
NMR data are consistent with those reported in literature.4 
Compound 3: 
1H NMR (300 MHz, CDCl3, 25°C, TMS): δ = 2.57-2.67 (m, 1H), 2.91 (s, 1H), 2.94-3.04 
(m, 1H), 3.13-3.21 (m, 1H), 3.64-3.74 (m, 1H), 7.08-7.49 (m, 13H), 7.74-7.77 (m, 1H); 
13C NMR (300 MHz, CDCl3, 25°C, CDCl3): δ = 34.6, 41.4, 91.2, 122.7, 123.2, 126.1, 
126.3, 128.4, 128.5, 128.8, 129.5, 130.5, 132.6, 138.5, 139.3, 148.9, 167.7. NMR data are 
consistent with those reported in literature.4 
 
Determination of the Absolute Configuration 
High quality single crystals of (rac)-1, (rac)-2 and (rac)-3 were obtained through slow 
solvent evaporation: A suspension of (rac)-1, (rac)-2 or (rac)-3 in toluene was prepared 
and filtered over an Acrodisc HPLC syringe filter to ensure the absence of crystallites. The 
resulting filtrate was transferred to a scintillation flask which was sealed and equipped 
with a hollow needle to allow slow evaporation of the solvent. Eight of the acquired single 
crystals were subjected to single X-ray diffraction and were subsequently analyzed with 
chiral HPLC to unambiguously link the absolute configuration with the retention time of 
the enantiomers of 1, 2 and 3. 
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Viedma Ripening Experiments 
Viedma ripening procedure with catalyst 
Isoindolinone 1, 2, or 3 (1.1 mmol) was suspended in toluene (9.2 mL) in a round-bottom 
flask (50 mL) equipped with an octahedral stirring bar. Glass beads (16 g) and DBU (45 
mL, 0.2 mmol) were added and the suspension was magnetically stirred at 650 rpm at 
room temperature to reach an enantiopure solid end state. 
 
Viedma ripening procedure without catalyst 
Similar to the procedure with catalyst, but with a larger amount of isoindolinone 1, 2, or 3 
(2.6 mmol) in ethanol (without DBU). This experiment was similarly carried out with 
isoindolinone 2 (1.1 mmol) in toluene which did not lead to deracemization, even after 35 
days. 
 
Without catalyst and with an initial 20% ee in 3 
Isoindolinone 3 (0.1 g, 0.3 mmol) was suspended in ethanol (3 mL) in a scintillation flask 
(20 mL) equipped with an octahedral stirring bar. Glass beads (5 g) were added and the 
suspension was magnetically stirred at 600 rpm at r.t. for 1 h after which enantiopure 3 (25 
mol%) was added and a t0 sample was taken. The suspension was allowed to continue to 
stir at 600 rpm at r.t. during which samples were taken regularly. 
 
Large scale (Compound 2) 
Isoindolinone 2 (1.0 g, 3.7 mmol) was suspended in toluene (30.0 mL) in a round bottom 
flask (100 mL) equipped with an octahedral stirring bar. Glass beads (53 g) were added 
and a t0 sample was taken. DBU (150 μL, 0.7 mmol) was added and the suspension was 
magnetically stirred at 1200 rpm at r.t. until an enantiopure solid end state was obtained. 
 
Sampling 
A small part of the slurry (~0.4 mL) was taken by means of a Pasteur pipette and subjected 
to vacuum filtration over a P4 glass filter (Ø 10 mm). During filtration, the residual 
crystals on the filter were briefly washed with acetic acid (~0.3 mL) to remove the mother 
liquor and traces of racemization catalyst. The crystals (~0.5 mg) were dissolved in 
ethanol (1.5 mL) and the ee was immediately analyzed by chiral HPLC. 
 
 
 
Supporting Information 
75 
 
Determination of ee by Chiral HPLC Analysis 
HPLC column Chiralpak AD-H (250 mm × 4.6 mm ID), detection λ= 245 nm, injection 
volume = 20 μL, r.t.: 
Compound 1: Eluent: n-hexane/ethanol 95/5 (v/v%), flow 0.5 mL/min. 
Retention times: (R)-1, 20.3 min and (S)-1, 26.2 min. 
Compound 2: Eluent: n-hexane/ethanol 95/5 (v/v%), flow 0.5 mL/min. 
Retention times: (R)-1 15.9 min and (S)-1, 18.6 min. 
Compound 3: Eluent: n-hexane/ethanol 90/10 (v/v%), flow 0.6 mL/min. 
Retention times: (R)-1 23.2 min and (S)-1, 33.4 min. 
 
Solubility Measurements 
A suspension was prepared by adding the isoindolinone (~200 mg) to a solution (3 mL). 
Glass beads (5 g) were added and the suspensions were magnetically stirred with an 
octahedral stirring bar at 600 rpm at r.t. for 70 hours.  
The suspensions were filtered over an Acrodisc HPLC syringe filter and the mass of the 
resulting filtrates was measured. The mass of the isoindolinones was measured after 
complete removal of the solvent to give the solubilities which are tabulated in Table SI-
4.1. 
 
Table S1-4.1. The solubility of isoindolinones 1-3 in different solvents expressed in weight percentage. 
Solubility in wt% n-hexane toluene ethanol 
Compound 1 0.24 0.55 6.28 
Compound 2 0.27 0.71 7.36 
Compound 3 0.12 0.26 1.20 
 
Racemization in Solution 
Three different HPLC samples were prepared: 
 Without AcOH: compound 2 (0.3 mg) was dissolved in EtOH (1.5 mL) 
 Trace of AcOH: compound 2 (0.3 mg) was dissolved in EtOH (1.5 mL) after the 
crystals were shortly subjected to acetic acid during filtration on the glass filter. 
 Drop of AcOH: compound 2 (0.3 mg) was dissolved in EtOH (1.5 mL) and to 
this solution was added a drop of acetic acid. 
The solution phase ee was measured over time in a stagnant solution to show that the 
presence of acetic acid decreases the rate of racemization (Figure SI-4.1). 
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Figure SI-4.1. Solution phase ee of compound 2 in ethanol as a function of time for three different samples. The 
lines are a guide to the eye. 
 
Supporting Information Chapter 5 
Typical Synthesis of Enantiopure Isoindolinones from Achiral Reactants in One-Pot 
Benzoyl chloride derivative 4 (1.25 mmol) was dissolved in THF (0.5 mL) in a 
roundbottom-flask (25.0 mL) which was filled with glass beads (7 g) and an octahedral 
stirring bar. The solubility of isoindolinone 3 was significantly lower than the solubility of 
isoindolinones 1 and 2 (Table SI-4.1) and therefore a larger amount of THF (1.3 mL) was 
used for the synthesis of compound 3. The solution was cooled using an ice bath and to the 
flask was added the appropriate amine (1.25 mmol), DBU (1.50 mmol) and water (1.0 
mL). The resulting mixture was stirred at 600 r.p.m. at room temperature and samples of 
the solids were collected through filtration and the ee was measured using chiral HPLC . 
 
Yield determination 
To determine the yield of the product, experiments were conducted at a larger scale 
involving 4.50 mmol of the acid chloride. After six days the solid phase reached 100% ee 
and the stirring speed was reduced to 200 r.p.m. during which the solvent was partly 
evaporated to allow the crystals to grow larger. The slurry was subjected to vacuum 
filtration on a P4 glass filter (ø = 40 mm) and the residual crystals were washed with 2-
propanol. The white crystals were dried in a furnace at 80 °C for 5 hours and were 
subsequently weighed and analyzed by 1H-NMR and chiral HPLC.  
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In the crystal phase, about 10 wt% of DBU was still present. Possibly the DBU 
incorporates into the crystal lattice of the product, as DBU remained present, even after 
prolonged drying. After complete solvent evaporation, the mother liquor only contained 
the product and DBU, showing that no side reactions occurred and that the mother liquor 
could be used in another reaction cycle.  
Compound 1: 74% yield / 97% ee 
Compound 2: 55% yield / 97% ee 
Compound 3: 65% yield / 97% ee 
 
Analysis of the Isoindolinones 
Compound 1:  
1H-NMR (300 MHz, CDCl3, 25°C, TMS): δ = 0.81 (t, J = 7.4 Hz, 3H), 1.36-1.62 (m, 2H), 
2.98-3.08 (m, 1H), 3.35-3.50 (m, 1H), 3.40 (bs, 1H), 7.24-7.48 (m, 8H), 7.62 (bd, J = 7.3 
Hz, 1H); 13C NMR (300 MHz, CDCl3, 25°C, CDCl3): δ = 11.7, 22.0, 41.3, 91.4, 122.6, 
123.1, 126.1, 128.4, 128.4, 129.4, 132.5, 138.8, 149.0; HRMS (ESI): calcd. for 
[M+Na]+(C17H17NO2) requires m/z 290.11570, found 290.11552; Chiral HPLC (n-
heptane/ethanol 95/5 (v/v%), detection λ= 245 nm, injection volume = 20 μL, r.t., flow 0.5 
mL/min): (R)-1, 20.1 min and (S)-1, 26.5 min. Data are consistent with those reported in 
literature.4, 5 
 
Compound 2:  
1H-NMR (300 MHz, CDCl3, 25°C, TMS): δ = 1.24 (d, J = 6.9 Hz, 3H), 1.43 (d, J = 6.8 
Hz, 3H), 3.61 (sept, J = 6.9 Hz, 1H), 7.14-7.22 (m, 1H), 7.29-7.36 (m, 3H), 7.40-7.45 (m, 
4H), 7.69-7.75 (m, 1H); 13C NMR (300 MHz, CDCl3, 25°C, CDCl3): δ = 19.8, 21.2, 44.9, 
91.7, 122.5, 122.9, 126.4, 128.3, 128.3, 129.4, 132.3, 138.7, 148.7, 167.3; HRMS (ESI): 
calcd. for [M+Na]+(C17H17NO2) requires m/z 290.11570, found 290.11557; Chiral HPLC 
(n-heptane/ethanol 95/5 (v/v%), detection λ= 245 nm, injection volume = 20 μL, r.t., flow 
0.5 mL/min): (R)-1, 13.7 min and (S)-1, 15.9 min. Data are consistent with those reported 
in literature.4, 5 
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Compound 3: 
1H-NMR (300 MHz, CDCl3, 25°C, TMS): δ = 2.67-2.76 (m, 1H), 2.99-3.09 (m, 1H), 3.18-
3.28 (m, 1H), 3.71-3.81 (m, 1H), 7.12-7.50 (m, 13H), 7.75-7.82 (m, 1H); 13C NMR (300 
MHz, CDCl3, 25°C, CDCl3): δ = 34.7, 41.5, 91.2, 122.6, 123.2, 126.1, 126.3, 128.4, 128.5, 
128.6, 128.8, 129.6, 132.6, 138.5, 139.4, 148.8, 167.6; HRMS (ESI): calcd. for 
[M+Na]+(C22H19NO2) requires m/z 352.13135, found 352.13144 & calcd. for 
[M+H]+(C22H19NO2) requires m/z 330.14940, found 330.15082; Chiral HPLC (n-
heptane/ethanol 90/10 (v/v%), detection λ= 245 nm, injection volume = 20 μL, r.t., flow 
0.6 mL/min): (R)-1, 21.1 min and (S)-1, 30.3 min. Data are consistent with those reported 
in literature.4, 5 
 
Supporting Information Chapter 6 
Each experiment was conducted using new equipment in order to avoid any (chiral) 
contamination. The batch of N-(2-methylbenzylidine) phenylglycine amide (1) used in the 
present experiments was also used in earlier experiments in which the chiral outcome 
always turned out to be (R)-1.6 The ee of the racemic starting material was checked to be 
0% within the detection limit of 0.5% of the chiral HPLC. Scintillation flasks and PTFE-
coated octahedral magnetic stirring bars (length 25 mm, ø 10 mm) and PTFE-coated oval 
magnetic stirring bars (length 20 mm, ø 10 mm) were purchased from VWR. Glass beads 
(ø = 1.5−2.5 mm), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), phenylglycine (2, both 
enantiomers), and acetonitrile (ACN) were purchased from Sigma-Aldrich. The 
temperature was kept at 20 ± 2 °C for all experiments.  
 
Deracemization Experiments  
Viedma ripening experiments were conducted in four different setups. 
Method A-1. A 100 mL round-bottom flask equipped with an octahedral magnetic stirring 
bar was charged with 4.0 g of (rac)-1, 20 g of glass beads, and 35 g of ACN. The 
suspension was ground for 1 h at 1300 rpm, after which 1.47 mL of DBU was added. 
Method A-2. Method A-2 was conducted in a 20 mL scintillation flask with an oval 
magnetic stirring bar, using exactly ten times less material than in method A-1: 0.4 g of 
(rac)-1, 2.0 g of glass beads, 0.147 mL of DBU, and 3.5 g of ACN.  
Method B. Method B is similar to method A-1 but with 8.0 g of glass beads.  
Method C. Method C was conducted in a thermostatted Fisher Bioblock Transsonic TI-H-
10 ultrasonic bath using a frequency of 45 kHz and using the same amount of material as 
in method A-2: 0.4 g of (rac)-1, but with 5.0 g of glass beads and without a stirring bar. 
The suspension was sonicated for 15 min, after which 0.147 mL of DBU was added. 
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Sampling 
About 0.2 mL of slurry was taken from the suspension by means of a pasteur pipet and 
was subsequently subjected to vacuum filtration on a P4 glass filter (ø 10 mm). The 
residual crystals were washed on the filter using 0.5 mL of methanol in order to remove 
DBU and mother liquor. The crystals were then dissolved in 1.5 mL of 2-propanol and the 
ee was determined by means of chiral HPLC.  
 
Chiral HPLC Analysis to Determine the ee  
A Chiralpak AD-H (250 × 4.6 mm ID) column was used in combination with the 
following conditions: eluent n-heptane/2-propanol (95/5 v/v %), flow 1 mL/min, r.t., λ = 
254 nm, 20 μL injection volume. Retention times: (R)-1, 30.1 min and (S)-1, 34.5 min. 
 
Scanning Electron Microscopic Analysis to Determine the Crystal Size Distribution  
After attrition of the crystals for 1 h (15 min for the ultrasound experiments) in the 
absence of DBU, a drop of the slurry was taken from the suspension during attrition and 
was immediately put on a scanning electron microscope (SEM)  sample holder. The 
solvent was removed using a flow of nitrogen within 1 s to avoid significant crystal 
growth. The sample was covered with a thin film of Pd/Au. The sample was subsequently 
analyzed using an FEI Phenom SEM in the back scattering mode. This procedure was 
repeated several times for each method to ensure reproducibility. 
 
Supporting Information Chapter 7 
Viedma Ripening with Additives  
A 20 mL scintillation flask was filled with 400 mg of (rac)-1, 0.025-200 mg of (S)-2 or 
(R)-2, 8 g of glass beads, an oval shaped magnetic stirring bar and 3.5 g of ACN. For 
experiments in which a small amount of additive  (<1 mg) was used, a stock solution was 
prepared by dissolving 1 mg of (S)-2 in 4.0 g of ACN from which the required amount of 
additive was taken. The resulting suspension was ground at 600 rpm for 1 h after which 
0.147 mL of DBU was added to start the deracemization process. In acetonitrile (ACN), 
the linear increase in ee was reproducibly found for different amounts of additive (Figure 
SI-7.1). 
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Figure SI-7.1. Deracemization experiments conducted in ACN. Linear increase in ee for different amounts of 
additive. The rate of deracemization as a function of the amount of additive calculated from linear fits of the data 
are shown in Figure 7.2b in the main text.  
 
We found that deracemization of compound 1 in methanol (MeOH) instead of ACN again 
proceeded in a linear fashion when additives were present (Figure SI-7.2a). The 
racemization rate of 1 was found to be significantly slower in MeOH, which is probably 
due to hydrogen bonding interactions with the solvent (Figure SI-7.3). The half-life time 
of racemization in ACN (68 min) was found to be 6 times smaller than in MeOH (420 
min). As a result, the deracemization rate in MeOH is much smaller than in ACN and a 
larger amount of additive is required to significantly increase the deracemization rate 
(Figure SI-7.2b). About 20 mol% of additive was found to maximally increase the ee in 
Viedma ripening experiments conducted in MeOH. A larger amount of additive leads to a 
substantial decrease in deracemization rate. 
 
 
Figure SI-7.2. Deracemization experiments conducted in MeOH. a) Linear increase in ee for different amounts 
of additive. b) Rate of deracemization as a function of the amount of additive calculated from linear fits of the 
data in Figure SI-7.2a. The scales are different as compared to Figure SI-7.1 and Figure 7.2b. 
 
 
 
b)a)
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Determination of Racemization in Solution 
10 mg of (R)-1 was dissolved in 10.0 mL of either ACN or MeOH. To this was added 0.1 
mL of a solution containing the catalyst which was prepared by adding 50 µL of DBU 
(16.9 mol%) in 5.0 mL of either MeOH or ACN.  
From the resulting solution, 1.0 ml was transferred to an HPLC vial and the ee of the 
stagnant solution was monitored through time using chiral HPLC analysis. The results are 
plotted in Figure SI-7.3. 
 
 
Figure SI-7.3. Racemization of compound 1 in a stagnant solution of MeOH (t1/2 = 419.79 min) and ACN (t1/2 = 
68.53 min) in the presence of DBU (16.9 mol%). The data points are fitted with asymptotic functions from which 
the racemization half-lives were determined.  
 
Approximate Expression for the Deracemization Rate Constant 
The set of coupled differential equations 7.1a-d in the main text is given below once more, 
but now with c = 0 and instantaneous racemization in solution. This set cannot be solved 
analytically in an exact manner. To find an expression for the deracemization rate constant 
k, approximations have to be made.  
 
 bBMMBa
t
B B
eq )(  (SI 7.1a) 
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With analogous equations for the opposite enantiomer. 
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MCBCBT    (SI 7.1d) 
 
After premixing as described in the main text, at the start (t = 0) of the deracemization 
simulation run B0+ = B0− = B0,  C 0+ = C 0− = C 0 and ee(t = 0) = 0. Careful examination of 
the evolution of B+, B−, C+ and C − reveals a linear behavior for t not too large for nearly 
all conditions (Figure SI-7.4) according to: 
 
 
Figure SI-7.4. a) Evolution of B+, C +, B++ C + and M as a function of time for the + enantiomer. b) Evolution of 
B−, C −, B−+ C −and M as a function of time for the − enantiomer. Here   aa . 
 
)1(0 ptBB   (SI 7.2a) 
)1(0 ptBB   (SI 7.2b) 
)1(0 ptCC   (SI 7.2c) 
)1(0 ptCC   (SI 7.2d) 
 
We use these semi-empirical expressions as a starting point in deriving an expression for 
k. 
As (B+ + B− + C + + C −) = 2(B0 + C 0) is constant, 
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so   
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t
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 )(  (SI 7.5) 
 
So, p is identical to the rate constant k, we searched for. 
To obtain an equation for p, we first need an expression for MB = M – MB,eq. Using the 
fact that 
t
B
t
B


   and equations SI 7.1a-b, we get 
 
)()(   bBMBabBMBa BB  (SI 7.6) 
or 
  000 2)1()1( bBptBaptBaM B    (SI 7.7) 
or 
  bptaaaaM B 2)()(    (SI 7.8) 
 
So, for pt << 1 and )()(   aaaa  
 
  baaM B 2)(    (SI 7.9) 
this gives 
)(
2
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Now, we are searching for k. Using equation SI 7.1a and the fact that 0pBt
B 
   we 
obtain 
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B
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As pt << 1 we now obtain 
pbMa B   (SI 7.13) 
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and using the relation SI 7.10 for MB this gives  
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Summary 
 
Enantiomers are chiral molecules that come in left- and right-handed forms. Laboratory 
synthesis generally proceeds to give both forms, yet Nature mostly uses one of the two to 
compose Life. This raises the enigma on how the preference for one chiral form emerged 
under prebiotic conditions. Frank proposed in 1953 that it might be possible to form 
enantiopure products from achiral precursors through asymmetric autocatalysis. It took 
more than 40 years for its experimental realization by Soai. However, the Soai reaction 
requires a small amount of enantiopure product from the beginning to reach single 
chirality which shows that the synthesis of enantiopure products from achiral precursors is 
extremely difficult to achieve in solution. Crystal–solution interactions may be exploited 
to reach a stronger chiral discrimination. However, these conditions have never been 
adopted in a construction reaction to form enantiopure compounds from achiral reactants. 
 
In the first part of this thesis we describe the first example of the synthesis of enantiopure 
products from completely achiral starting conditions. The system is reported in Chapter 2 
and involves the synthesis of an enantiopure amine from its corresponding achiral 
reactants (Figure 1). First, both enantiomers of the product are formed through a reversible 
aza-Michael reaction. Secondly precipitation leads to a racemic mixture of conglomerate 
crystals of the product. Finally, the applied grinding conditions facilitate complete solid-
state deracemization through Viedma ripening leading to an enantiopure (S)- or (R)-
product. Conducting the reaction at a lower concentration of reactants or using a lower 
amount of catalyst leads to a shorter deracemization time as less crystals have to be 
deracemized. 
 
 
Figure 1. The synthesis of enantiopure crystals from achiral reactants. 
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In Chapter 3 we show that crystallization of only one enantiomer (total spontaneous 
resolution) is possible. In most other cases however, both enantiomeric forms of the 
product precipitate after which the applied Viedma ripening conditions induce complete 
deracemization. The final configuration of the product can be controlled by adding seed 
crystals of the product to the initially achiral homogeneous solution. In addition, complete 
solid state deracemization can be achieved using repeated heating-cooling cycles instead 
of grinding. 
 
In the second part of this thesis we wanted to demonstrate the general applicability of our 
crystallization-induced asymmetric synthesis approach. To do so, we aimed to obtain 
enantiopure isoindolinones from its achiral precursors (Figure 2). Isoindolinones are 
present in a number of pharmaceutical drugs and three isoindolinones meet the 
requirements to undergo deracemization through Viedma ripening. However, despite 
previous attempts reported in literature, these isoindolinones surprisingly failed to undergo 
deracemization through Viedma ripening, even with an initial enantiomeric excess (ee). 
 
 
Figure 2. The one-pot synthesis, crystallization and deracemization of isoindolinones. 
 
In Chapter 4 we studied these isoindolinones in detail and found that Viedma ripening is 
possible, even without an initial ee, provided that 1) the applied attrition of crystals is 
strong enough, 2) a suitable solvent is used in which the isoindolinones are sufficiently 
soluble and 3) preparation and measurement of the samples proceeds without 
racemization. As these isoindolinones already racemize in an ethanol solution, Viedma 
ripening is also possible in ethanol and in the absence of a racemization catalyst. 
Moreover, we determined the absolute configuration of all three isoindolinones by single-
crystal X-ray diffraction. With the optimized conditions in hand, we were able to acquire 
these isoindolinones in enantiopure form from achiral reactants (Chapter 5).  
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This way, the one-pot synthesis, crystallization and deracemization of enantiomers can 
also be used in combination with reactions in which product formation is irreversible. The 
final configuration of the product can be controlled using small amounts of chiral additives 
or seed crystals of the product. 
 
In the final part of this thesis we studied the effect of chiral impurities and chiral additives 
on Viedma ripening. In many experiments, chiral impurities influence Viedma ripening 
and one enantiomeric form of the product is obtained in preference to the other. For 
example, the deracemization of an amino acid derivative always proceeded towards the 
(R)-product (Figure 3). To overcome the effect of chiral impurities, we show in Chapter 6 
that experiments involving higher attrition intensities leads to an outcome in which either 
the enantiopure (R) or (S) product is obtained with equal probability. Also at low attrition 
intensities, the effect of chiral impurities can be cancelled by using the right amount (10 
ppm) of chiral additives.  
 
 
Figure 3. Viedma ripening of an amino acid derivate in the presence of enantiopure additives.  
 
One of the characteristics of Viedma ripening is that an autocatalytic feedback mechanism, 
based on chiral clusters, leads to an exponential increase in ee during the course of 
deracemization. In Chapter 7 we show that in the presence of enantiopure additives with a 
concentration of as low as 2.5 × 10-2 mol%, Viedma ripening proceeds with an overall 
linear and faster increase in ee (Figure 3).  
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These experimental results can be explained using a mathematical model which assumes a 
difference in growth and dissolution rates between the two enantiomeric forms. This 
model also accounts for the generally observed linearity during the initial stages of 
Viedma ripening without additives. 
Crystal-solution interactions enable the opportunity to effectively give access to 
compounds in enantiopure form. These conditions can be applied to reactions in which 
synthesis of enantiopure products from achiral reactants becomes possible, a scenario 
which might have been involved during the pre-biotic chemical evolution. From a 
different perspective, this approach also shows that pharmaceutically-relevant molecules 
can be efficiently obtained in one-pot through a facile multistep manner without the need 
for intermediate recovery steps. The bottleneck behind crystallization-induced 
transformations, as described in this thesis, is that the molecules must form racemic 
conglomerate crystals and racemize in solution. However, once these conditions are met, 
enantiopure products can easily be obtained. Viedma ripening in particular is a robust 
method that leads to complete deracemization of crystals. 
 
 
 
Samenvatting 
 
Enantiomeren zijn chirale moleculen die zowel in een links- als rechtshandige variant 
voorkomen. In dit proefschrift worden de linkse varianten aangegeven in het blauw en het 
rechter spiegelbeeld in het rood. Beide varianten worden typisch gevormd wanneer men 
deze moleculen op het lab maakt. Echter, in de natuur en het leven komt voornamelijk één 
van de twee varianten. Hoe deze voorkeur tot stand is gekomen onder prebiotische 
omstandigheden is nog steeds een groot raadsel. In 1953 heeft Frank een systeem bedacht 
waarmee het mogelijk is om slechts één van de twee chirale moleculen te verkrijgen 
vanuit achirale bouwstenen. Dit kan door middel van asymmetrische autokatalyse, een 
concept dat pas 40 jaar later experimenteel bewezen werd door Soai. Echter, om deze Soai 
reactie succesvol te laten verlopen is er een kleine hoeveelheid van één van de twee chirale 
moleculen nodig vanaf het begin van het experiment. De moleculen die reageren zijn 
volledig opgelost en het is het zeer ingewikkeld om enantiomeerzuivere moleculen te 
maken vanuit achirale bouwstenen in een oplossing. Door een oplossing te gebruiken 
waarin het mogelijk is dat de moleculen van de één in het andere enantiomeer veranderen 
(racemiseren) en waarbij de moleculen kristalliseren als een conglomeraat kan een 
efficiënt chiraal versterkingsmechanisme bewerkstelligd worden. Deze benadering is 
echter nog nooit toegepast op de synthese van enantiomeerzuivere moleculen vanuit 
achirale bouwstenen. 
 
In het eerste gedeelte van dit proefschrift beschrijven we het eerste voorbeeld van een 
synthese waarbij enantiomeerzuivere producten worden gevormd vanuit een compleet 
achirale uitgangsituatie. Het systeem dat beschreven staat in Hoofdstuk 2 behelst de 
synthese van een enantiomeerzuiver amine vanuit de overeenkomstige achirale reactanten 
(Figuur 1). Ten eerste worden beide enantiomeren van het product gevormd door een 
reversibele aza-Michael reactie. Ten tweede slaan beide vormen van het product neer als 
een conglomeraat. Uiteindelijk leid het malen van de suspensie tot volledige deracemisatie 
van de kristallen door middel van Viedma ripening. Wanneer de reactie wordt uitgevoerd 
bij een lagere concentratie worden er minder kristallen van het product gevormd en 
verloopt de deracemisatie sneller.  
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Figuur 1. De synthese van enantiomeerzuivere kristallen vanuit achirale reactanten. 
 
In Hoofdstuk 3 laten we zien dat het mogelijk is om slechts één van de twee chirale 
producten te laten uitkristalliseren. Toch kristalliseren in de meeste experimenten beide 
vormen uit. De toegepaste experimentele omstandigheden maakt Viedma ripening 
mogelijk wat uiteindelijk toch resulteert in een enantiomeerzuiver product. De configuratie 
van het product kan bepaald worden door entkristallen van het product toe te voegen aan 
de initiële achirale homogene oplossing. In plaats van malen is de omzetting van achirale 
reactanten in een enantiomeerzuiver product ook mogelijk door een suspensie 
herhaaldelijk te verwarmen en te koelen. 
 
In het tweede gedeelte van dit proefschrift laten we zien dat het hierboven genoemde 
kristallisatie-geïnduceerde asymmetrische synthese principe algemener toepasbaar is op 
isoindolinonen (Figuur 2). Het isoindolinone is een moleculair bouwsteen dat voorkomt in 
een aantal geneesmiddelen. Drie soorten isoindolinonen voldoen aan de eisen om 
gederacemiseerd te kunnen worden door middel van Viedma ripening. Echter, ondanks 
gerapporteerde pogingen in de literatuur is het niet gelukt om deze isoindolinonen te 
deracemiseren door middel van Viedma ripening, zelfs niet wanneer er werd begonnen 
met een initiële overmaat in één van de enantiomeren (ee).  
 
 
Figuur 2. De synthese, kristallisatie en deracemisatie van isoindolinonen in een één-pot procedure. 
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In Hoofdstuk 4 laten we zien dat deracemisatie van isoindolinonen door middel van 
Viedma ripening toch mogelijk is, zelfs zonder een initiële ee, door de volgende drie 
punten in acht te nemen: 1) de suspensie moet hard genoeg gemaald worden, 2) een 
geschikt oplosmiddel is vereist waarin de isoindolinonen voldoende oplossen en 3) de 
monsters moeten bereid en gemeten worden zonder dat de verbinding in de tussentijd 
racemiseerd. Zonder de hulp van een katalysator racemiseren de isoindolinonen ook in 
ethanol. Daarom was het mogelijk om de isoindolinonen te deracemiseren in ethanol, 
zonder een katalysator. De absolute configuratie van alle drie de isoindolinonen zijn 
bepaald door middel van éénkristal Röntgen diffractie. De bovengenoemde resultaten 
gaven ons de mogelijkheid om de isoindolinonen te synthetiseren vanuit achirale 
reactanten (Hoofdstuk 5). Deze één-pot procedure, met daarin de synthese, kristallisatie en 
deracemisatie van enantiomeren, kan dus ook worden toegepast op moleculen die 
gevormd worden via een niet-reversibele reactie. De links- of rechtshandigheid van het 
product kan bepaald worden door vooraf aan het experiment kleine hoeveelheden 
additieven of entkristallen van het product toe te voegen. 
 
In het laatste gedeelte van dit proefschrift hebben we het effect van chirale onzuiverheden 
en additieven op Viedma ripening onderzocht. In veel experimenten beïnvloeden chirale 
onzuiverheden het Viedma ripening proces waardoor altijd één van de twee enantiomeren 
bij voorkeur wordt verkregen. De deracemisatie van een aminozuurderivaat leid 
bijvoorbeeld altijd tot een enantiozuiver (R)-product (Figuur 3). In Hoofdstuk 6 laten we 
zien dat het effect van chirale onzuiverheden onderdrukt kan worden door harder te malen. 
Dit heeft als resultaat dat een enantiomeerzuiver (R)- óf (S)-product bij toeval word 
gevormd. Ook onder milde maal condities kan het effect van chirale onzuiverheden 
geneutraliseerd worden door de juiste hoeveelheid (10 ppm) chirale additieven aan het 
experiment toe te voegen.  
 
Figuur 3. Viedma ripening van een aminozuur derivaat in de aanwezigheid van enantiomeerzuivere additieven.  
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Eén van de karakteristieke eigenschappen van Viedma ripening is een autokatalytisch 
terugkoppelingsmechanisme dat gebaseerd is op chirale clusters. Dit mechanisme zorgt 
voor de typische exponentiele toename aan enantiomeerzuivere kristallen tijdens Viedma 
ripening. In Hoofdstuk 7 laten we zien dat in de aanwezigheid van een zeer geringe 
hoeveelheid aan enantiomeerzuivere additieven (2.5 × 10-2 mol%), de toename aan 
enantiomeerzuivere kristallen lineair en sneller verloopt (Figuur 3). Deze experimentele 
waarnemingen kunnen verklaard worden door middel van een wiskundig model dat een 
verschil in groei- en oplossnelheid tussen de enantiomeren in beschouwing neemt. Dit 
model verklaart ook de algemene initiële lineariteit die waarneembaar is tijdens de eerste 
fase van Viedma ripening experimenten zonder additieven.  
 
De interacties tussen kristallen en moleculen in oplossing maken het mogelijk om zeer 
efficiënt enantiomeerzuivere producten te verkrijgen. Deze condities kunnen plaatsvinden 
tijdens reacties waarmee achirale reactanten omgezet kunnen worden in 
enantiomeerzuivere producten. Mogelijk heeft dit scenario plaatsgevonden tijdens de 
prebiotische chemische evolutie. Vanuit een ander perspectief laten deze resultaten ook 
zien dat het zeer eenvoudig is om enantiomeerzuivere bouwstenen voor farmaceutische 
doeleinden te produceren in één vat zonder extra omslachtige opwerkingsstappen. Het 
knelpunt van deze methode is dat het zich limiteert tot moleculen die zowel racemiseren in 
oplossing als kristalliseren als een conglomeraat. Echter, wanneer een verbinding over 
deze eigenschappen beschikt kan het zeer gemakkelijk verkregen worden in 
enantiomeerzuivere vorm. Viedma ripening in het bijzonder is een robuuste methode om 
kristallen te kunnen deracemiseren. 
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